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RESUMO 

As mudanças climáticas que se têm vindo a observar ao longo das últimas décadas, 

associadas às novas exigências culturais desta cultura, têm levantado novos problemas a 

nível abiótico e biótico causando graves ameaças à sustentabilidade da cultura em muitas 

regiões. 

O presente trabalho teve como objetivos principais avaliar o efeito do tratamento 

com SiK® através de pulverização em castanheiro. Foram testadas as concentrações  

0 mM, 5 mM, 7,5 mM e 10 mM SiK®, em plantas jovens de castanheiro (Castanea sativa) 

submetidas a stresses bióticos e abióticos, e em plantas adultas visando estudar o seu 

impacto na produção e qualidade da castanha.  

A tese encontra-se estruturada em oito capítulos. No Capítulo 1 é apresentado o 

Estado de arte onde são abordados assuntos relativos à origem, distribuição, ecologia e 

importância económica da espécie Castanea sativa Mill. Faz-se igualmente referência às 

alterações climáticas e ao seu impacto nas plantas, assim como à ação mitigadora do 

silício face aos stresses bióticos e abióticos. 

Nos capítulos seguintes (Capítulos 2 ao 7) são apresentadas de forma detalhada 

todas as atividades de investigação desenvolvidas ao longo deste estudo, culminando no 

Capítulo 8 onde é feito um conjunto de considerações finais. 

No presente estudo e para cada um dos ensaios (Capítulo 2 ao 6) foram usadas 

plantas com cerca de 2 meses de idade após germinação provenientes de castanhas da 

mesma árvore da variedade Sousã (Castanea sativa), existente no banco de germoplasma 

da Universidade de Trás-os-Montes e Alto Douro. Em todos os ensaios foram formados 

quatro grupos de plantas correspondestes aos tratamentos a efetuar. Os tratamentos 

consistiram na fertilização com concentrações crescentes de silício na forma de silicato 

de potássio (0 mM, 5 mM, 7,5 mM e 10 mM SiK®). Os ensaios iniciaram-se sempre  

2 meses após a aplicação do tratamento. 

No Capítulo 2 foi feito o estudo da influência da fertilização com Si, na resiliência 

de plantas jovens de castanheiro a temperaturas elevadas. Estas foram submetidas a um 

ciclo sequencial de temperatura com duração de 1 mês cada, de 25ºC, 32ºC e 25ºC, 

procurando compreender não só a sua capacidade de tolerância, mas igualmente 

caracterizar a sua recuperação após um período de calor elevado. Este estudo permitiu 

concluir que a fertilização com Si nas concentrações 7.5 mM e 10 mM SiK® incrementa 
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a resiliência a temperatura elevada (32ºC), através de uma maior eficiência fotoquímica 

do fotosistema II, preservando a atividade dos cloroplastos, aumentando a atividade 

fotossintética e reduzindo a transpiração. Os resultados evidenciam ainda a ação do Si na 

síntese de compostos fenólicos e tióis, e no incremento da atividade enzimática das 

enzimas ascorbato peroxidase, catalase e peroxidase, conduzindo à redução do dano 

oxidativo e consequente maior tolerância ao stresse térmico. Neste estudo, foi ainda 

observado que as plantas tratadas com Si apresentaram uma recuperação mais rápida após 

exposição ao período de stresse comparativamente às plantas controlo. 

De forma a investigar o papel do silício na tolerância do castanheiro à seca, 

(Capítulo 3), foi realizado um estudo em 2015 e repetido em 2016 complementado com 

novos parâmetros, de forma a tornar os resultados mais robustos. De forma sequencial, 2 

meses após a aplicação do SiK, as plantas foram mantidas num ciclo de adaptação com 

rega adequada, seguida de ausência de rega até ser atingido o potencial hídrico de  

-1,2 MPa em algum dos tratamentos, seguido de reposição da rega adequada. As plantas 

tratadas com 7,5 mM e 10 mM SiK®, apresentaram maior frequência de vasos xilémicos 

com menor área, incrementando a adesão das moléculas de água às paredes dos vasos 

condutores, assim como uma menor densidade estomática. Estes resultados sugerem ter 

sido esta uma estratégia das plantas para reduzir as perdas de água, permitindo desta 

forma a utilização da água de forma mais eficiente, uma vez que foram verificados valores 

superiores de potencial hídrico, conteúdo relativo em água e uso eficiente de água. A 

análise dos parâmetros relativos às trocas gasosas demonstrou que plantas tratadas com 

Si conseguiram reduzir os valores da taxa de transpiração e condutância estomática, 

apresentando desta forma maior potencial hídrico e conteúdo relativo em água. Os estudos 

bioquímicos complementaram o trabalho, sugerindo que a aplicação de Si nas plantas 

auxilia na melhoria da atividade de defesa das plantas pelo incremento das enzimas 

ascorbato peroxidase, catalase e peroxidase, assim como na síntese de compostos 

fenólicos em condições de seca, reduzindo consequentemente o dano oxidativo nas 

plantas sob stresse. Por fim, nas plantas tratadas com Si observou-se uma retoma mais 

rápida dos valores de antes da imposição do período de seca, para os parâmetros 

avaliados, sugerindo assim uma recuperação mais rápida destas em relação às plantas 

controlo.  
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No Capítulo 4 foi avaliado o efeito da fertilização com silício no incremento da 

tolerância das plantas ao agente patogénico Phytophthora cinnamomi. Foram efetuados 

estudos bioquímicos antes da inoculação e aos 15 e 30 dias após a inoculação. Foram 

igualmente realizados estudos histólogicos, assim como uma avaliação antifúngica do 

efeito do silício no desenvolvimento da Phytophthora cinnamomi através da inoculação 

de placas contendo silício no meio PDA. Os tratamentos 7,5 mM e 10 mM SiK® foram 

os que apresentaram maior capacidade de redução do crescimento da Phythophthora 

cinnamomi, ocorrendo apenas crescimento reduzido em placa às 144 h. Através da análise 

histológica das raízes, foi possível observar a presença de fitólitos os quais atuaram como 

uma barreira mecânica dificultando a entrada das hifas no interior da planta hospedeira. 

As plantas fertilizadas com 7,5 mM e 10 mM SiK® apresentaram também uma taxa de 

sobrevivência superior (80%) à das plantas controlo (20%). 

O Capítulo 5 corresponde ao estudo da influência do silício na tolerância das plantas 

à Cryphonectria parasitica. A metodologia foi semelhante à descrita no Capítulo 4. 

Observou-se que os castanheiros tratados com 7,5 mM e 10 mM SiK® apresentaram uma 

taxa mortalidade de 10% e 0%, respetivamente, tendo as plantas controlo (0 mM SiK®) 

registado uma taxa de 100%. As plantas tratadas com a maior concentração de Si  

(10 mM SiK®) apresentaram ainda menor desenvolvimento de necroses no caule. Em 

relação à análise histológica dos cortes transversais dos caules, os resultados mostraram 

a presença de fitólitos nos vasos xilémicos em quantidade proporcional à concentração 

de silício aplicada.  

Em simultâneo ao estudo dos Capítulo 4 e 5 foram preparados extratos fenólicos a 

partir de folhas de plantas deixadas sem inoculação provenientes dos 4 tratamentos, sendo 

os resultados apresentados no Capítulo 6.  

No Capítulo 6 verificou-se que o ácido gálico e o ácido elágico foram dois dos 

compostos fenólicos mais predominantes identificados nas plantas fertilizadas com 

silício, os quais desempenham uma importante ação antifúngica no sistema de defesa das 

plantas hospedeiras. Foi avaliada a ação in vitro dos compostos fenólicos provenientes de 

plantas fertilizadas com as diferentes concentrações de Si. Extractos fenólicos foram 

utilizados para impregenar discos colocados em placas contendo P. cinnamomi e  

C. parasitica, de forma a avaliar a sua capacidade de inibição. Os resultados 

demonstraram que a área de inibição antifúngica foi proporcional à concentração de 

silício aplicado nas plantas. O controlo registou uma área de inibição de 0,63 cm2, tendo 
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o tratamento 10 mM SiK® mostrado uma área inibição consideravelmente superior  

(10,56 cm2) nas placas com Phytophthora cinnamomi. Comportamento similar foi 

observado nas placas com Cryphonectria pasitica, 0,81 cm2 e 11,2 cm2 foram as áreas de 

inibição registadas para o controlo e para o tratamento 10 mM SiK®, respetivamente. 

Estes resultados sugerem que a combinação dos fenóis com o silício amplifica a 

capacidade antifúngica do tratamento 10 mM SiK® permitindo um maior 

controlo/restrição do desenvolvimento dos agentes patogénicos estudados. 

  Neste capítulo estudou-se também a atividade da fenilalanina amónia liase, da 

polifenol oxidase e da peroxidase nas plantas inoculadas com os dois patogénicos,  

tendo-se verificado um incremento da sua atividade nos extractos provenientes das 

plantas inoculadas com qualquer um dos patogénios, sugerindo que o Si apresenta um 

papel benéfico na amplificação da resposta de defesa bioquímica das plantas perante o 

ataque destes agentes patogénicos.  

Por fim, no Capítulo 7 foi feito um estudo em plantas adultas da variedade 

Martaínha fertilizadas com 10 mM SiK®, no solo ou na folha, de forma a avaliar o impacto 

deste tratamento em castanha: na morfologia, na eficiência polinização, na composição 

química e nas caraterísticas organoléticas. Os dados demonstraram que a aplicação de Si 

promove um maior teor em Si nas folhas quando aplicado por via foliar. A aplicação no 

solo promoveu um maior teor de Si na castanha. A eficiência da polinização analisada 

através produção de castanhas bem formadas, aumentou nas plantas tratadas, tendo 

igualmente aumentado o tamanho destas. Os resultados revelaram ainda que castanhas 

provenientes de castanheiros tratados apresentaram menor perda de água no período  

pós-colheita. As castanhas das árvores não tratadas apresentaram maior dificuldade de 

descasque, não tendo o painel de provadores detetado diferenças organolépticas entre os 

tratamentos. 

 

Palavras-Chave: Ação antifúngica; Castanea sativa;Cryphonectria parasitica; fitólitos; 

Phytophthora cinnamomi; Silício; stresse abiótico; stresse biótico; stresse hídrico; stresse 

térmico. 
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ABSTRACT 

The climatic changes that have been observed over the last decades, associated to 

the new cultural requirements of this culture, have raised new problems in the abiotic and 

biotic level causing serious threats to the sustainability of the culture in many regions. 

The present work had as main objectives to evaluate the effect of the treatment in 

chestnut with SiK ® by spraying. The concentrations of 0 mM, 5 mM, 7.5 mM and  

10 mM SiK ® were tested in young chestnut (Castanea sativa) plants submitted to biotic 

and abiotic stresses and in adult plants to study their impact on the production and quality 

of chestnut. 

The thesis is structured in eight chapters. In Chapter 1 the State of art is presented 

where subjects related to the origin, distribution, ecology and economic importance of the 

species Castanea sativa Mill are discussed. Reference is also made to climate change and 

its impact on plants, as well as the mitigating action of silicon in the face of biotic and 

abiotic stresses. 

In the following chapters (Chapters 2 to 7) all the research activities developed 

throughout this study are presented in detail, culminating in Chapter 8 where a set of final 

considerations is made. 

In the present study and for each of the trials (Chapters 2 to 6) were used plants 

with about 2 months of age after germination from the same tree of the Sousã variety 

(Castanea sativa), from the germplasm bank of the University of Trás -os-Montes and 

Alto Douro. In all the tests four groups of plants were formed corresponding to the 

treatments to be performed. Treatments consisted of fertilization with increasing 

concentrations of silicon in the form of potassium silicate (0 mM, 5 mM, 7.5 mM and 10 

mM SiK®). Assays were always started 2 months after treatment. 

In Chapter 2 the influence of fertilization with Si on the resilience of young chestnut 

plants at high temperatures was studied. These were subjected to a 1-month sequential 

cycle of 25 ° C, 32 ° C and 25 ° C, trying to understand not only their tolerability, but also 

to characterize their recovery after a high heat period. This study allowed us to conclude 

that Si fertilization at 7.5 mM and 10 mM SiK® increases the resilience at high 

temperature (32ºC), through a higher photochemical efficiency of photosystem II, 

preserving chloroplast activity, increasing photosynthetic activity and reducing the 

sweating. The results also highlight the action of Si on the synthesis of phenolic 
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compounds and thiols and on the enzymatic activity of the enzymes ascorbate peroxidase, 

catalase and peroxidase, leading to reduction of oxidative damage and consequent greater 

tolerance to thermal stress. In this study, it was also observed that the plants treated with 

Si showed a faster recovery after exposure to the stress period compared to the control 

plants. 

In order to investigate the role of silicon in chestnut tolerance to drought  

(Chapter 3), a study was carried out in 2015 and repeated in 2016 supplemented with new 

parameters, in order to make the results more robust. Sequentially, 2 month after 

application of SiK®, the plants were maintained in an adaptation cycle with adequate 

watering, followed by no irrigation until the water potential of -1.2 MPa was reached in 

any of the treatments, followed by watering. Plants treated with 7.5 mM and 10 mM  

SiK ® presented a higher frequency of xylem vessels with less area, increasing the 

adhesion of water molecules to the walls of the conducting vessels, as well as a lower 

stomatal density. These results suggest that this was a strategy of the plants to reduce 

water losses, thus allowing the use of water more efficiently, since higher values  

-1,2 MPa of water potential, relative water content and water efficiency were verified. 

The analysis of the parameters related to the gas exchange showed that Si treated plants 

were able to reduce the values of the transpiration rate and stomatal conductance, thus 

presenting higher water potential and relative water content. The biochemical studies 

complemented the work, suggesting that the application of Si in plants helps to improve 

the defense activity of plants by increasing the enzymes ascorbate peroxidase, catalase 

and peroxidase, as well as in the synthesis of phenolic compounds in drought conditions, 

consequently reducing the oxidative damage in plants under stress. Finally, in the plants 

treated with Si, a faster recovery of the values before the imposition of the drought period 

was observed, for the evaluated parameters, thus suggesting a faster recovery than the 

control plants. 

In Chapter 4 the effect of silicon fertilization on the increase of plant tolerance to 

the pathogen Phytophthora cinnamomi was evaluated. Biochemical studies were 

performed prior to inoculation and at 15 and 30 days after inoculation. Histological 

studies, as well as an antifungal evaluation of the effect of silicon on the development of 

Phytophthora cinnamomi were also carried out by the inoculation of silicon-containing 

plates in the PDA medium. The 7.5 mM and 10 mM SiK® treatments were the ones that 

presented the greatest capacity of reduction of the growth of Phythophthora cinnamomi 
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only occurring reduced growth in plate at 144 h. Through the histological analysis of the 

roots, it was possible to observe the presence of phytoliths which acted as a mechanical 

barrier making it difficult to enter the hyphae inside the host plant. Plants fertilized with 

7.5 mM and 10 mM SiK® also had a higher survival rate (80%) than control plants (20%). 

Chapter 5 corresponds to the study of the influence of silicon on plant tolerance to 

Cryphonectria parasitica, the methodology was similar to that described in Chapter 4. 

Chestnuts treated with 7.5 mM and 10 mM SiK® were found to have a 10% and 0% 

mortality rate, respectively, while the control plants (0 mM SiK®) registered a rate of 

100%. The plants treated with the highest concentration of Si (10 mM SiK®) presented 

lower development of necroses in the stem. In relation to the histological analysis of the 

cross sections of the stems, the results showed the presence of phytoliths in xylem vessels 

proportional to the applied silicon concentration. 

Simultaneously to the study of Chapter 4 and 5, phenolic extracts were prepared 

from leaves of plants left without inoculation from the 4 treatments, and the results are 

presented in Chapter 6. 

In Chapter 6 it was verified that gallic acid and ellagic acid were two of the most 

predominant phenolic compounds identified in plants fertilized with silicon, which play 

an important antifungal action in the host plant defense system. The in vitro action of 

phenolic compounds from plants fertilized with different concentrations of Si was 

evaluated. Phenolic extracts were used to impregnate discs placed on plates containing  

P. cinnamomi and C. parasitica, in order to evaluate its capacity of inhibition. The results 

demonstrated that the area of antifungal inhibition was proportional to the concentration 

of silicon applied to the plants. The control had an inhibition area of 0.63 cm2, with the 

10 mM SiK® treatment having a considerably higher inhibitory area (10.56 cm 2) on the 

plates with Phytophthora cinnamomi. Similar behavior was observed on the plates with 

Cryphonectria pasitica, 0.81 cm2 and 11.2 cm2 were the areas of inhibition recorded for 

the control and for the treatment 10 mM SiK®, respectively. These results suggest that the 

combination of the phenols with the silicon amplifies the antifungal capacity of the  

10 mM SiK® treatment allowing a greater control/restriction of the development of the 

pathogens studied. 

In this chapter we also studied the activity of phenylalanine ammonia lyase, 

polyphenol oxidase and peroxidase in plants inoculated with the two pathogens, with an 

increase in their activity in extracts from plants inoculated with any of the pathogens, 
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suggesting that Si has a beneficial role in amplifying the biochemical defense response of 

plants to the attack of these pathogens. 

Finally, in Chapter 7 a study was carried out on adult plants of the Martaínha variety 

fertilized with 10 mM SiK®, in the soil or in the leaf, in order to evaluate the impact of 

this treatment on chestnut: morphology, pollination efficiency, chemical composition and 

organoleptic characteristics. The data showed that the application of Si promoted a higher 

Si content in the leaves when applied by foliar route. The soil application promoted a 

higher Si content in the nut. The efficiency of the pollination analyzed through the 

production of well-formed chestnuts increased in the treated plants and also increased 

their size. The results also revealed that chestnuts from treated chestnut trees had lower 

water losses in the post-harvest period. The nuts of the untreated trees had the greatest 

bark difficulty, the panel of tasters did not detect organoleptic differences between 

treatments. 

 

Keywords: abiotic stress; antifungal action; biotic stress; Castanea sativa; Cryphonectria 

parasitica; heat stress; phytoliths; Phytophthora cinnamomi; Silicon and water stress. 
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INTRODUÇÃO GERAL 

O castanheiro é uma espécie com elevada importância económica para os países 

europeus localizados na região do Mediterrâneo. As consequências das alterações 

climáticas são cada vez mais evidentes, com verões mais longos, quentes e secos, 

afetando a saúde das árvores, incrementando a debilidade das plantas hospedeiras à 

Phytophthora cinnamomi e ao fungo Cryphonectria parasitica. 

A fertilização dos castanheiros com silício pode ser uma ferramenta para o futuro 

da população, devido ao seu papel benefício no controlo de stresses abióticos e bióticos 

referenciado e comprovado em inúmeras culturas no mundo. 

Este trabalho foi realizado com o objetivo de encontrar uma solução que permita 

incrementar o conhecimento e a inovação para enfrentar os desafios futuros nesta cultura.  

A presente tese representa o primeiro estudo abrangente sobre o papel do silício no 

combate aos stresses abióticos e bióticos no castanheiro, fornecendo informações e 

resultados primordiais sobre a importância deste nutriente considerado útil para esta 

cultura. Assim sendo, pretende-se que este estudo seja profícuo para trabalhos de 

investigação no futuro. 

  

OBJETIVOS 

Os objetivos principais desta tese foram avaliar o efeito da fertilização com SiK® 

em castanheiro (Castanea sativa): i) submetidos a stresses abióticos (seca e calor), ii) 

stresses bióticos causados por doenças (Phytophthora cinnamomi e Cryphonectria 

parasitica) e iii) na produtividade e qualidade da castanha.  

Para a concretização destes objetivos, estudos específicos foram definidos da seguinte 

forma: 

1) Avaliar a ação do silício nos castanheiros submetidos a stresse térmico; 

2) Investigar a influência do silício em condições de stresse hídrico; 

3) Conhecer o papel do silício na resiliência das plantas de castanheiro à doença da 

tinta quando fertilizadas com silício e inoculadas com Phytophthora cinnamomi; 
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4) Conhecer o papel do silício na resistência das plantas de castanheiro ao cancro do 

castanheiro quando fertilizadas com silício e inoculadas com Cryphonectria 

parasitica; 

5) Avaliar o papel do silício na composição fenólica, na atividade enzimática e na 

ação dos fenóis em placas com Phytophthora cinnamomi para melhor entender os 

mecanismos de resistência à “doença da tinta” 

6) Avaliar o papel do silício na composição fenólica, na atividade enzimática e na 

ação dos fenóis em placas com Cryphonectria parasitica, para melhor 

compreender os mecanismos de resistência ao “cancro do castanheiro”; 

7) Avaliar o efeito da aplicação de silício na produtividade dos castanheiros e nas 

caraterísticas biométricas, nutritivas e organoléticas do fruto. 
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1.1 Origem, Distribuição e Importância Económica do Castanheiro  

Publicado em: International Journal of History and Cultural Studies (IJHCS), 2016, 2 (2): 20-27 

International Journal of History and Cultural Studies (IJHCS), 2016, 2 (4): 37-42 

International Journal of History and Cultural Studies (IJHCS), 2017, 3 (1): 39-47 

 

O castanheiro existe há milhares de anos acompanhando o Homem desde o 

Paleolítico. Referências à castanha são encontradas em diversas obras, como nas do 

médico grego Hipócrates (460 a.C. – 377 a. C.) na obra Hippocratic Oath (séc. 4 a. C na 

Antiga Grécia) e do escritor grego Xenofonte (427 a. C. – 355 a. C.) na obra Anábasis 

(377 a. C. – 371 a.C na Antiga Grécia) (Bounous, 2002). 

Esta espécie foi introduzida na Europa na época dos romanos, permitindo a entrada 

na Grécia a partir da Ásia Menor. Expandiu-se para França, Alemanha, Grã-Bretanha, 

sendo a Irlanda o limite mais setentrional (Lage, 2006), ocupando atualmente uma área 

superior a 2,5 milhões de hectares, Fig. 1.1 (Conedera et al., 2016). 

 

Fig. 1.1 – Distribuição da espécie Castanea sativa na Europa (Conedera et al., 2016). 

 

Em Portugal (Fig. 1.2), o castanheiro encontra-se distribuído pelas regiões de  

Trás-os-Montes, Beiras, Nordeste Alentejano, Norte Algarvio e Minho interior, tendo 

sido estabelecidas quatro áreas com Denominação de Origem Protegida (DOP): 1) DOP 

da Castanha da Terra Fria; 2) DOP da Castanha dos Soutos da Lapa; 3) DOP da Castanha 

da Padrela e 4) DOP da Castanha do Marvão. A região de Trás-os-Montes e Alto Douro, 



6 

 

nomeadamente a Terra Fria, representa a maior área de soutos com uma representação de 

aproximadamente 85% (Gomes-Laranjo et al., 2013). As variedades de castanha com 

maior valor comercial são a Judia e a Longal em Trás-os-Montes (Ferreira-Cardoso and 

Pereira-Pimentel, 2007).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 – Distribuição da espécie Castanea sativa em Portugal (Capelo and Catry, 2007) 

 

A produção mundial de castanha representa atualmente cerca de 1,9 milhões de 

toneladas (t), das quais cerca de 1,62 milhões de toneladas são produzidas na Ásia, 

maioritariamente pela China e pela Coreia do Norte (Gomes-Laranjo et al., 2013).  

 

 

 

 

 

Área de ocorrência potencial 

Maiores povoamentos atuais 

Distribuição do castanheiro 



7 

 

Em termos Europeus, a Itália é o maior produtor de castanha com cerca de  

42 700 t (Fig. 1.3), ocupando Portugal o 7º lugar a nível mundial com uma produção de 

cerca de 22 400 t (Fig. 1.3). Segundo Gomes-Laranjo (2013), pode-se estimar que a 

castanha em Portugal represente cerca de 70 milhões de euros.  

 

Fig. 1.3 – Área de castanheiro e produção de castanha mundial em 2010 (Fórum Florestal, 2012). 

 

A castanha portuguesa é valorizada internacionalmente pela sua qualidade e pela 

sua aptidão para a transformação industrial, existindo atualmente uma forte pressão de 

procura externa sobre este fruto (Gomes-Laranjo, 2013). Uma grande parte da produção 

de castanha portuguesa é destinada à exportação para diversos países do mundo que 

reconhecem a sua qualidade e sabor. Os principais destinos das exportações são Espanha, 

França e o Brasil (Ferreira-Cardoso and Pereira-Pimentel, 2007). 

O castanheiro é considerado uma espécie multifuncional, pode ser utilizado para a 

produção de madeira, para a produção de fruto, assim como para obter uma ampla gama 

de produtos secundários.  

 

1.2 Caracterização do género Castanea 

O castanheiro encontra-se incluído no género Castanea, pertence à família 

Fagacae, da qual também fazem parte os géneros Fagus, Quercus e Castapnosis (Cortizo 

et al., 1999).  
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O género Castanea apresenta uma grande variabilidade genética, devido à 

adaptação deste género às mais diversas condições ambientais. As várias espécies  

(Tab. 1.1) apresentam caraterísticas morfológicas e ecológicas bem diferenciadas 

relativamente ao crescimento, tamanho, caraterísticas do fruto e da madeira, 

adaptabilidade e resistência a fatores bióticos e abióticos, que influenciaram 

significativamente a propagação ou regressão das diferentes espécies ao longo do tempo 

(Bounous, 2002).  

O castanheiro europeu foi incluído no género Castanea em 1768, pelo botânico 

inglês Phillip Miller, passando a designar-se por Castanea sativa Mill. A designação 

sativa (que significa cultivado) advém do facto de esta espécie ter tido uma grande 

influência do Homem na sua distribuição (Gomes-Laranjo and Crespí, 2007).  

 

Tab. 1.1 – Taxonomia do castanheiro (Adaptado de Bounous, 2002). 

 

TAXONOMIA DO CASTANHEIRO 

Família: Fagaceae 

Género: Castanea 

Origem Espécie Área de distribuição 

Europa C. sativa Miller Europa, Ásia menor, Norte de 

África 

Ásia C. crenata Siebold/Zuccarini Japão, Coreia 

Ásia C. mollissima Blume China 

Ásia C. henry China 

América C. dentata Boekhausen América do Norte 

América C. pumila Sudoeste dos E.U.A. 
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1.2 Ecologia da espécie 

O castanheiro é considerado uma espécie mesófila (Loureiro, 1991), pois  

encontra-se instalado preferencialmente em climas temperados da região Mediterrânica 

com algumas limitações em regiões com temperaturas altas (Brio et al., 1998). O 

desenvolvimento do castanheiro é influenciado por fatores edafoclimáticos (temperatura, 

precipitação, tipo de solo), latitude e altitude. Gomes-Laranjo et al. (2008) referem que 

na Europa esta cultura agrícola não se encontra acima do paralelo 40ºN. Em Portugal 

continental, o castanheiro é encontrado acima do paralelo 39ºN, geralmente em regiões 

que se localizam entre 400-500 m até 1000 m de altitude, ainda que a altitude ótima para 

a produção de castanhas se fixe entre os 700-1000 m (Gomes-Laranjo et al., 2007b). No 

que concerne à latitude, esta espécie nas zonas de latitudes baixas prefere as encostas 

orientas para N, NO e NE, já em latitudes mais altas prefere as que se encontram 

orientadas para S, SE e SO (Serrano et al., 2009). 

Relativamente à temperatura, o ótimo para o desenvolvimento desta espécie 

enquadra-se entre 24-28ºC, sendo a temperatura excessivamente alta um fator limitante 

para o seu crescimento (Gomes-Laranjo et al., 2008). Também a disponibilidade de água 

no solo pode constituir um fator limitante. A seca persistente limita o bom 

desenvolvimento da planta assim como a produção de fruto. De acordo com Bounous and 

Beccaro (2002), o castanheiro europeu necessita de 800 a 900 mm/ano de água para o seu 

perfeito desenvolvimento. Se, por um lado, solos profundos e raízes bem desenvolvidas 

são importantes para possibilitar à árvore manter o potencial hídrico nos meses mais 

quentes (Mota et al., 2018), por outro lado, solos pouco profundos podem ser um 

problema devido ao excesso de água conduzindo à asfixia radicular. Assim, o castanheiro 

europeu adapta-se bem a solos férteis, ricos em matéria orgânica, com boa drenagem, 

pouco argilosos, profundos (40-60 cm) e com pH ligeiramente ácido (5,5-6) (Pereira-

Lorenzo and Ramos-Cabrer, 2004; Serrano et al., 2009). 

O castanheiro é uma espécie caducifólia com germinação hipogâmica e, quando 

cultivada em condições ideais de solo e clima, tem uma taxa de crescimento rápida até 

70-80 anos de idade, com uma altura média de 10-20 metros (Pinto et al., 2007). O ciclo 

vegetativo do castanheiro dura em média 140 a 185 dias e é composto por quatro 

fenofases, a saber: abrolhamento floração, frutificação e desfoliação. Dependendo da 

temperatura, da região e da variedade, o abrolhamento ocorre normalmente a partir de 

março. Os gomos são globulosos, castanho-avermelhados, com duas escamas desiguais 
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(Fig. 1.4 A). Dado o castanheiro ser uma espécie monóica, a mesma árvore possui flores 

femininas e masculinas mas é auto-estéril, isto é, a fecundação cruzada é indispensável, 

porque as flores femininas e masculinas da mesma árvore são incompatíveis. Assim, o 

aparecimento das flores masculinas ocorre entre maio e junho, surgindo as femininas 

aproximadamente um mês após a floração masculina. As flores masculinas são amarelas 

dispostas em cachos eretos, os amentilhos (Fig. 1.4 B). As flores femininas, reunidas 

numa cúpula espinhosa verde, encontram-se na base dos amentilhos, possuem entre 7 a 9 

estiletes estreitos e brancos e são rodeadas de folhas verdes modificadas (brácteas)  

(Fig. 1.4 C). O fruto, as castanhas, requerem um período longo e quente. Para que a 

floração do castanheiro se inicie é necessário um grande número de dias quentes, com um 

somatório de temperaturas de 3660 ºC, com mínimo de 3200 ºC para se desenvolver 

(Fenaroli, 1945). O fruto forma-se dentro de um ouriço espinhoso que abre quando a fruta 

está completamente madura (Fig. 1.4 D), o que acontece normalmente nos meses de 

outubro e novembro. A árvore entra em repouso vegetativo entre novembro e março 

(Pinto et al., 2007). 

 

Fig. 1.4 – Estados fenológicos dos castanheiros: A – gomos; B – amentilhos masculinos; C – floração 

feminina; D – fruto. A barra representa 1 cm (Pinto et al., 2018). 

 

1.4 Alterações climáticas e o impacto nas plantas 

O conceito alterações climática consiste em modificações significativas a longo 

prazo nos padrões do clima de uma determinada região, podendo estas alterações demorar 

dezenas, centenas ou milhares anos, sendo importante relacionar essas alterações com os 

seus efeitos diretos no planeta e nas plantas (Mahato, 2014). De acordo com IPCC (2001, 

2007), as mudanças no clima e os fenómenos extremos são observados e estudados desde 

1950, no entanto, tem-se intensificado nos últimos 100 anos, esperando-se um 

agravamento ainda maior até 2080 (IPCC, 2014).  

A B C D 
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A agricultura é uma das principais atividades afetada pelas mudanças climáticas, 

nomeadamente pelo aumento da concentração de dióxido de carbono (CO2) na atmosfera, 

pelo incremento da temperatura média, pelas alterações na precipitação e pelo aumento 

da ocorrência de ondas de calor e secas (Tanmoy et al., 2016). O Painel 

Intergovernamental sobre Alterações Climáticas (PIMC) refere que as mudanças que se 

verificam no clima, representam um impacto negativo sobre a ecofisiologia, promovendo 

igualmente um incremento da suscetibilidade das plantas a doenças, tendo ainda um forte 

reflexo nos seus ciclos de vida e nas interações entre as espécies (Ahanger, 2013; IPCC. 

2014; Parmesan and Hanley, 2015). A adaptabilidade de alguns sistemas agrícolas pode 

ajudar a minimizar os impactos negativos das alterações climáticas previstas, através da 

aplicação de fertilizantes e optando por outras variedades e/ou práticas agrícolas mais 

tolerantes aos stresses (Ghini et al., 2008). Mahato (2014) alerta igualmente para o 

impacto negativo das alterações climáticas nas culturas agrícolas, afetando a longo prazo 

a produção de alimentos, podendo porventura ameaçar a segurança alimentar.  

Para as culturas poderem enfrentar as perturbações ambientais, é importante 

perceção dos sinais de stresse, para que possam ativar rapidamente as respostas de defesa 

de forma a garantir o seu desenvolvimento e a sua sobrevivência. A resposta das plantas 

aos stresses abióticos são complexas, influenciadas pela duração, gravidade e frequência 

com que estas se encontram submetidas ao stresse (Fig. 1.5) (Koyro et al., 2011).  

 

Fig. 1.5 – Resposta das plantas de acordo com as caraterística dos stresses abióticos (Adaptado de  

Bray et al., 2000). 
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1.5 Stresses abióticos que afetam o castanheiro 

O stresse é classificado do ponto de vista biológico como a ausência das condições 

ideais para as plantas se desenvolverem, impedindo de alcançar o seu potencial de 

crescimento, desenvolvimento e reprodução (Fritsche-Neto and DoVale, 2012). Na 

cultura do castanheiro os principais stresses abióticos são o stresse térmico e o stresse 

hídrico, os quais têm sido agravados pelo incremento da temperatura média anual no 

verão e pela redução da precipitação média anual. Na Fig. 1.6 está representada a variação 

média da precipitação e temperatura média na região castanhícola de Trás-os-Montes, 

entre os anos de 1982 e 2016.  

 

 

Fig. 1.6 - Variação média (1982-2016) da precipitação e temperatura média na região castanhícola de Trás-

os-Montes (IPMA, 2018). 

 

Estabelecendo uma comparação entre a temperatura média e a precipitação nos 

períodos de 1982-2000 e 2000-2016, verifica-se que de 1982-2000 a temperatura média 

situou-se entre os 14º-15ºC, tendo a precipitação variado entre os 700-1000 mm, valores 

mais elevados. No período seguinte, de 2000-2016, a temperatura média registada foi 

mais elevada, situando-se entre 16-17ºC, acompanhada por uma diminuição da 

precipitação (450-600 mm), o que permite concluir que o incremento da temperatura e a 

redução da precipitação tem-se intensificado nos últimos anos.  

Segundo Conedera et al. (2016), Lisar et al. (2012), Bolat et al. (2014) o castanheiro 

europeu apresenta grande sensibilidade à combinação das altas temperaturas com a 
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reduzida precipitação. Assim, alterações nos processos metabólicos, fecho dos estomas e 

consequente diminuição da atividade fotossintética, alterações nas reações fotoquímicas 

na membrana tilacóide, aumento da perda de água por evapotranspiração e incremento do 

dano oxidativo, conduzem à destruição dos lípidos das membranas. 

Adaptações morfológicas e histológicas podem também ser observadas em 

castanheiros em resposta às alterações climáticas, nomeadamente o facto de 

desenvolverem folhas mais pequenas, permitindo-lhes taxas de transpiração e fotossíntese 

menores (Bacelar et al., 2006; Dinis et al., 2011). Todas as alterações/adaptações 

referidas acarretam um decréscimo da produtividade dos castanheiros e da qualidade do 

fruto, dada a redução da viabilidade e calibre dos frutos e acréscimo da incidência e 

propagação de doenças, implicando grandes perdas económicas para os agricultores e em 

toda a fileira da castanha (Gomes-Laranjo, 2007a; Ahanger et al., 2013).  

1.6 Stresses bióticos que afetam o castanheiro 

O castanheiro é afetado por diversos stresses bióticos, nomeadamente, a doença da 

tinta provocado pelo oomiceta Phytophthora cinnamomi e o cancro do castanheiro 

induzido pelo ascomiceta Cryphonectria parasitica. Todas estas patologias promovem a 

debilidade das árvores, a redução significativa da produção de castanha e por vezes 

conduzem à morte dos castanheiros, com consequências económicas dramáticas para 

produtores e para toda a fileira da castanha. 

As condições de seca e calor ao desestabilizarem o crescimento do castanheiro 

reduzindo seu vigor, tornam-no mais suscetível a patologias. Períodos secos durante o 

verão seguidos de alagamento em estações chuvosas são fatores ambientais que 

favorecem a expressão da doença da tinta (Gomes-Laranjo et al., 2008). 

 

1.6.1 Doença da tinta 

A Phytophthora cinnamomi Rands é um omiceta do solo responsável pela doença 

da tinta, tendo sido classificada pela primeira vez em 1922, por Rands, na Indonésia, após 

ter sido identificada na árvore da canela (Cinnamomi burmamii Blume) (Gouveia, 2004). 

Como se pode observar na Fig. 1.7, a P. cinnamomi foi identificada em todos os 

continentes, em regiões tropicais, sub-tropicais e temperadas, estando presente em 

inúmeros países (Boutara, 2001; EPPO, 2018). 
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A P. cinnamomi é um dos agentes patogénicos mais destrutivo, mais difundido do 

ponto de vista geográfico e mais versátil das plantas, afetando um grande número de 

espécies, quer anuais quer perenes, como o abacate, o eucalipto e o castanheiro  

(Monteiro et al., 2017). 

A P. cinnamomi encontra-se no solo, normalmente na forma de estruturas de 

sobrevivência (principalmente clamidósporos e oósporos). Quando as condições 

ambientais são favoráveis ao seu desenvolvimento, estas estruturas germinam, 

produzindo esporângios que libertam zoósporos (Caetano, 2007). Quando estimulados 

pela presença de um hospedeiro e condições ambientais favoráveis, os clamidósporos 

germinam dando origem a novas hifas infeciosas (Gouveia, 1993). Na primavera, as 

condições de temperatura e de humidade favorecem a germinação dos clamidósporos, 

que germinam libertando zoósporos que infetam novas raízes. No verão e no outono, as 

árvores com o sistema radicular infetado não são capazes de resistir ao défice hídrico 

podendo morrer (Caetano, 2007).  

 

 

Fig. 1.7 – Distribuição da Phytophthora cinnamomi no mundo (EPPO, 2018). 

 

A disseminação desta doença pode ocorrer pelo contacto raíz-raíz e mais 

rapidamente na presença de água. A atividade humana é também em grade parte 

responsável pela dispersão da doença, quer devido a práticas culturais que espalham a 

doença pelo souto, quer pela comercialização e utilização de plantas infetadas em soutos 

não contaminados (Crone et al., 2013). Depois de instalada no souto, existem fatores 

ambientais que promovem o desenvolvimento desta patologia como a humidade, a 

temperatura e a aeração do solo. A presença de grande humidade no solo favorece a 
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libertação de zoósporos pelos esporângios e a sua absorção pelo sistema radicular das 

plantas.  

A temperatura entre os 9-12ºC e acima dos 33ºC pode ser um fator limitante para a 

P. cinnamomi, uma vez que a temperatura ótima para a propagação do omiceta se situa 

entre 21-30ºC. Por último, a aeração do solo é determinante para a formação de 

esporângios, sendo a sua produção inibida sob baixas concentrações de O2 e altas 

concentrações de CO2 (Zamorano, 1998). 

O ciclo de vida da P. cinnamomi ocorre integralmente no solo, onde permanece por 

um longo período de tempo devido à formação de estruturas de resistência, inviabilizando 

novas plantações com castanheiros não resistentes à doença. Coelho (2009) realça que 

este agente patogénico consegue adaptar-se muito bem às alterações ambientais, adotando 

processos de germinação adequados às condições em que encontram, além de possuir 

uma grande capacidade de se desenvolver rapidamente em condições que lhe são 

favoráveis. 

A P. cinnamomi ataca as raízes da planta penetrando os tecidos radiculares levando 

ao aparecimento de manchas enegrecidas (Fig. 1.8 A) devido a alterações no córtex e no 

câmbio vascular, apresentando as raízes um aspeto húmido e apodrecido (Abreu, 1992). 

No tronco podem-se observar exsudações de cor negra em forma de cunha cujo líquido 

escuro de aparecimento ocasional é semelhante à tinta de escrever (Fig. 1.8 B), origem da 

designação “doença da tinta” (Coelho, 2009). Estas manchas de cor negra resultam da 

oxidação dos taninos libertados pela células corticais, do floema ou do câmbio vascular, 

devido à podridão do colo e do sistema radicular (Gouveia, 1993; Costa, 2011). 

 

 

 

 

 

 

 

 

Fig. 1.8 – Sintomas da infeção por P. cinnamomi no castanheiro (Gomes-Laranjo, 2018). 

 

A B C 
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A infeção dos castanheiros pela P. cinnamomi induz necrose nos tecidos cambiais 

e no xilema, impedindo a circulação de água entre a parte aérea da planta e o sistema 

radicular, conduzindo à morte das extremidades da copa da árvore (Fig. 1.8 C). Assim, 

em castanheiros infetados pela doença da tinta observa-se cloroses nas folhas, seguida de 

senescência foliar (Santos et al., 2015). Ao nível dos frutos, os ouriços ficam na árvore 

mais tempo, observa-se a existência de maior número de frutos abortados, as castanhas 

são de menor calibre e sem as suas reconhecidas caraterísticas organoléticas  

(Vettraino et al., 2005). Fonseca (2004) e Gomes-Laranjo et al. (2004) referem que em 

anos quentes e secos os sintomas aéreos progridem rapidamente, contrariamente aos anos 

de maior precipitação em que a patologia evolui evidenciando menos sintomas. 

Na impossibilidade da irradicação total da doença, privilegiam-se os meios de luta 

que permitam a sobrevivência do souto com baixa perda de produtividade. O uso de  

porta-enxertos resistentes à doença da tinta, Ca90 e ColUTAD entre outros, a introdução 

de antagonistas no solo, práticas culturais adequadas, continuam a ser atualmente as 

formas mais eficazes na redução da magnitude do impacto dos ataques desta doença.  

1.6.2 Cancro do castanheiro 

Originado pelo fungo Cryphonectria parasitica (Murrill) Barr, o cancro do 

castanheiro, foi introduzido na Europa a partir dos Estados Unidos em 1938, tendo sido 

responsável pela quase total destruição das florestas de castanheiro nos Estados Unidos 

(Biraghi, 1946; Bragança, 2007).  

 

 

 

 

 

 

 

 

Fig. 1.9 - Distribuição da Cryphonectria parasitica no Mundo (EPPO, 2017). 

 



17 

 

Atualmente está difundido pela América do Norte, Europa, Ásia e África (EPPO, 

2017) (Fig. 1.9). Em Portugal a sua presença foi registada pela primeira vez em 1989, na 

região de Trás-os-Montes e Alto Douro, tendo-se espalhado por todas as regiões 

produtoras de castanha (Bragança et al., 2008; Martins et al., 2014). 

Existem duas estirpes deste fungo: uma hipovirulenta, sendo frequentemente a 

ausência de sintomas da sua presença na casca das árvores infetadas, não afetando a 

produção; e uma hipervirulenta que ataca de forma rápida e fatal a planta  

(Bettencourt, 2009).  

A sintomatologia em castanheiros infetados por C. parasitica é muito característica 

e facilmente reconhecida, uma vez que a doença se manifesta unicamente na parte aérea 

da planta (Martins and Abreu, 2007). Folhas amarelecidas nos ramos, presença de 

cloroses que posteriormente evoluem para necroses à medida que o agente patogénico 

coloniza a zona cambial, a presença de folhas e ouriços nos ramos secos no inverno, são 

sintomas que possibilitam a deteção da infeção nas árvores. Contudo, a deteção da doença 

deve ser verificada pela observação das zonas abaixo das folhas mortas. As regiões 

atacadas apresentam uma cor laranja ou castanho-avermelhada devido à presença de 

pequenos picnídios, conduzindo ao aparecimento de fissuras longitudinais (Fig. 1.10), 

provocadas pela acumulação de micélio e formação de tecido cicatricial pela planta, numa 

tentativa de isolar as parte atacadas pela doença (Martins and Abreu 2007; Rigling and 

Prospero, 2017). 

 

Fig. 1.10 – Sintomatologia no castanheiro resultante da infeção pela C. parasitica ao nível do caule 

(Rossman, 2002; Rigling et al., 2016). 
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Com condições meteorológicas adequadas, temperaturas amenas e humidade, 

observa-se a formação de picnídios à superfície dos cancros que originam pequenos 

esporos facilmente veiculados pelo vento, chuva, insetos, pássaros, pelo uso de 

ferramentas de corte contaminadas e não desinfetadas, material vegetativo de enxertia 

infetado em zonas não contaminadas e uso de lenha de castanheiros doentes  

(Aguín et al., 2011). Estes esporos germinam na presença de água, sobretudo nos tecidos 

sem a proteção da casca, feridas naturais ou provocadas por cortes ou podas, e em zonas 

de compressão sobre o tronco ou ramos (Bragança et al., 2007). À medida que a doença 

se desenvolve, observa-se o colonizar do floema, evoluindo em direção ao xilema, 

levando ao colapso do câmbio vascular. Desta forma, o transporte de nutrientes, água e 

sais minerais fica interrompido na zona superior à localização do cancro provocando a 

sua morte (Anagnostakis, 2001; Bettencourt et al., 2009).  

Atualmente ainda não existe um método efetivo de controlo cultural ou químico, 

nem nenhum porta-enxertos tolerante ou resistentes à C. parasitica, sendo primordial 

medidas preventivas como a rega das plantas nos períodos mais secos, evitar podas 

desnecessárias assim como grandes cortes, promover uma nutrição mineral equilibrada e 

desinfetar sempre os instrumentos agrícolas utilizados na enxertia e na poda  

(DRAPN, 2002). 

1.7 Ação do silício como nutriente mineral mitigador de stresses  

A agricultura encontra-se sob grande pressão devido ao aumento acentuado das 

necessidades alimentares mundiais, o incremento dos encargos energéticos, o aumento da 

poluição resultante do uso excessivo de produtos químicos e, por último, pela 

instabilidade dos sistemas de cultivos afetados pelas alterações climáticas, doenças e 

pragas (Fageria and Moreira, 2011). As culturas são ainda igualmente afetadas pela 

deficiência mineral em nutrientes considerados importantes para o seu pleno 

desenvolvimento, os quais podem não encontrarem ou não estarem disponíveis no solo 

em quantidades suficientes (Romero et al., 2011).  

O silício (Si) é um dos elementos mais abundantes no universo, o segundo mais 

abundante na crosta terrestre (25,7%, Fig. 1.11). Devido a sua alta afinidade com 

oxigénio, o silício não é encontrado na natureza na forma elementar, formando assim 

minerais como sílica e silicatos (Filho, 2006; Mendes et al., 2011). 
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Este elemento mineral é absorvido pelas plantas na forma de ácido monossilícico 

(H4SiO4) (Silva et al., 2011), através de dois processos: um passivo regulado pela taxa de 

transpiração e outro ativo através de transportadores específicos localizados na membrana 

plasmática das células das raízes. Contudo, o transporte de silício a longas distâncias nas 

plantas é limitado aos vasos do xilema, que depositam enormes quantidades de Si nas 

suas paredes (Marafon and Endres, 2011).  

Segundo Sangster et al. (2001) o silício é depositado nos tecidos na forma de 

depósitos de sílica amorfa, designados por fitólitos ou opalas biogénicas, sendo que nesta 

forma o silício é imóvel e não pode ser redistribuído. Os fitólitos podem ser encontrados 

no lúmen das células, na parede celular e nos espaços intercelulares de diferentes órgãos, 

nomeadamente em raízes, caule e folhas (Mendes et al., 2011). A presença dos fitólitos 

permite às plantas aumentar a espessura, rigidez e integridade da membrana plasmática, 

conferir estabilidade mecânica às células e consequentemente promover a ativação do 

sistema de defesa antioxidante contra o stresse a que se encontram expostas  

(Ashtiani et al., 2012). Além disso, o Si promove o incremento da fertilidade do solo, 

através da melhoria da capacidade de absorção de água, permitindo desta forma às plantas 

captar os nutrientes nas suas formas solúveis (Snyder et al., 2006).  

 

 

Fig. 1.11 – Composição química da crosta terrestre (QuimLab, 2015). 

 

De acordo com Guntzer et al. (2012), a aplicação da fertilização de silício poderá 

constituir uma alternativa ao uso extensivo de fertilizantes fitossanitários, de azoto, 

potássio e fósforo, não têm impacto ambiental, permitindo desta forma contribuir para 

uma agricultura sustentável. Além disso, é primordial a aplicação de silício de forma 
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exógena, devido à intensificação das práticas agrícolas que conduzem a um esgotamento 

natural do silício do solo. Refira-se que 210-224 milhões de toneladas de silício são 

removidas anualmente de solos aráveis em todos mundo, o que implica a redução da 

fertilidade do solo, com a consequente diminuição da produtividade das plantas  

(Malhotra et al., 2016). 

 

Os benefícios que o Si proporciona às culturas sob stresse biótico e/ou abiótico 

encontram-se resumidos na Fig. 1.12. 

 

 

 

 

 

 

 

 

Fig. 1.12 – Benefícios do silício (adaptado de Malhotra et al., 2016). 

 

O silício representa um papel importante no sistema solo-planta, nomeadamente na 

capacidade de defesa contra temperatura excessiva, seca, doenças e pragas, pelo que 

diversos autores o classificam como um elemento vital na nutrição das plantas e 

fundamental para a sustentabilidade da agricultura convencional e orgânica e/ou 

biodinâmica induzindo o aumento da produção de diversas culturas (Braga et al., 2009; 

Nasseri et al., 2012; Heckman, 2012).  

O stresse hídrico é problemático para a agricultura pois coloca em causa o bom 

funcionamento dos processos fisiológicos e metabólicos das células vegetais, 

representando um impacto negativo na produção das culturas em todo o mundo  

(Ahmad and Prasad, 2011; Guntzer et al., 2012). Diversos estudos tem evidenciado o 

papel mitigador do Si no stresse hídrico. Maud et al. (2016) refere a presença de silício 
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depositado sob a epiderme em plantas de arroz, reduzindo o movimento de água através 

da parede celular, permitindo desta forma economizar água reduzindo a taxa de 

transpiração. De acordo com Hattori et al. (2005) as plantas de sorgo colocadas em 

condições de reduzida disponibilidade de água e tratadas com Si revelaram um maior 

potencial relativo de água, folhas maiores e mais espessas, relativamente as plantas não 

tratadas. Estudos levados a cabo por Shi et al. (2016) em tomate revelaram que a aplicação 

de silício incrementa a atividade das enzimas de defesa (superóxido dismutase e catalase), 

os teores de glutationa e ácido ascórbico nas raízes sob stresse hídrico, reduzindo o dano 

oxidativo nas membranas celulares. Estudos recentes comprovam que a fertilização com 

silício incrementa a capacidade de tolerância dos mirtilos (Saud et al., 2014) e da  

cana-de-açúcar (Camargo et al., 2017) à seca, pelo incremento da defesa antioxidante que 

induz a redução do dano oxidativo às moléculas funcionais e às membranas, assim como 

auxilia na manutenção da atividade fotossintética.  

Também a fertilização com silício surge como uma solução para a mitigação de 

stresses bióticos, diminuindo a intensidade dos ataques de pragas e doenças e reduzindo 

a sua propagação em plantas de grande importância económica, como na banana 

(Fortunato et al., 2012) e  no arroz (Ning et al., 2014; Han et al., 2016). 

Os mecanismos de ação do silício relativamente às patologias é atribuído à 

resistência física, que reduz a penetração das hifas nos tecidos e/ou aumento da dureza e 

abrasividade das células devido à deposição da sílica nos tecidos. De acordo com  

Chérif et al. (1994), o silício torna as plantas menos susceptíveis à degradação enzimática 

dos agentes patogénicos. Diversos estudos confirmam que os principais locais de 

polimerização do silício correspondem às principais rotas de infeção, pelo que a 

deposição de Si nas paredes celulares reduz a interação do agente invasor com a planta 

hospedeira e a senescência prematura (Fawe et al., 2001; Ashtiani et al., 2012).  

Segundo Bélanger (2003) o silício tem propriedades bioquímicas únicas que podem 

explicar sua bioatividade como regulador dos mecanismos de defesa da planta. Assim, 

pode atuar como um modulador que influencia o tempo e a extensão das respostas de 

defesa da planta, atuando como um mensageiro secundário induzindo a sua resistência 

natural. Possui igualmente a capacidade de se unir estrategicamente aos grupos hidroxilo 

das proteínas envolvidos na transdução do sinal de que a planta está sob ataque de um 

agente infecioso, ou ainda interferir com cofatores catiónicos das enzimas que 

influenciam a doença, atuando como um composto tóxico para o agente patogénico. Desta 



22 

 

forma, o silício ao interagir com vários componentes-chave dos sistemas de sinalização 

de stresse da planta, promove respostas de defesa rápidas e eficiente que permitem 

aumentar a resistência às patologias. 

 

A presença de fitólitos nos diferentes órgãos das plantas revela-se um mecanismo 

de defesa das plantas contra o ataque de insetos pelo incremento da abrasividade das 

folhas, pela maior dificuldade da sua ingestão (Alverez and Datnoff, 2001). Ainda de 

referir que a fertilização com silício promove efeitos de antibiose, ou seja, promove a 

redução da taxa de sobrevivência, do tamanho dos insetos e o desgaste esporádico do 

indicador mandibular resultado de uma má eficiência alimentar, induz efeitos 

antixenóticos na fase larval e altera o comportamento normal dos insetos durante a seleção 

do hospedeiro (Sakr, 2017).  

Por todos os argumentos apresentados e de acordo com Sakr (2017), o silício pode 

ser integrado facilmente no controlo de diversas pragas juntamente com outras formas de 

controlo, como por exemplo, o controlo biológico.  
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Capítulo 2.1 

The aim of this work was to evaluate the impact of Si 

fertilization on the resilience capacity of chestnut plants 

growing under high air temperatures and its recovery 

capacity after returning to optimal temperatures. Castanea 

sativa plants were supplied 0 mM, 5mM, 7.5 mM and  

10 mM of potassium silicate (SiK®) and exposed for a 

month at each temperature, 25ºC, 32ºC and 25ºC. The 

results demonstrated that phytoliths were accumulated in 

the leaf tissues, both on the cell wall and xylem vessels, 

suggesting their role in the plant’s tolerance to heat. Under 

high temperature, Si fertilization in chestnut plants 

increased the gas exchange and the photochemical 

efficiency of the photosystem II as the increase of 50% on 

performance index suggests. The presence of Si also 

induced higher contents of photosynthetic pigments and 

promoted a better adaptation of chloroplasts to high 

temperatures. The present study suggests that the 

application of Si may be used to enhance the high 

temperature tolerance of chestnut plants. 
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Ecophysiological study of the impact of SiK fertilization on  

Castanea sativa Mill. seedling tolerance to high temperature 

Andreia Carneiro-Carvalho, Rosário Anjos, Alfredo Aires, Tiago Marques,  

Teresa Pinto and José Gomes – Laranjo 

Abbreviations: ABS/RC – light absorption flux (for PSII antenna chlorophylls) per reaction center 

(RC); BSA – bovine serum albumin; C6H14O6 – sorbitol; C6H8O6 – ascorbic acid; Car – carotenoids; 

CH3OH–H2O – methanol solution; CHCl3 – chloroform; Chl – chlorophyll; Chl/Car – chlorophylls to 

carotenoids ratio;  Chla/ b – Chl a to Chl b ratio; Chla+b – total chlorophyll; CS – excited cross-section; 

DIo/RC – dissipation energy flux per PSII reaction center (RC); DM – dry mass; E – transpiration rate; 

EDTA - ethylenediamine tetraacetic acid; ETo/CS – electron transport flux per cross section;  

ETo/RC – maximum electron transport flux (further than QA−) per PSII reaction center (RC);  

Fd – ferredoxin; Fv/Fm – maximal quantum yield of PSII photochemistry; gs – stomatal conductance;  

H2O2 – hydrogen peroxide; H2SO4 – sulfuric acid; KCl – potassium chloride; MgCl2 – magnesium chloride; 

OEC – oxygen-evolving complex; OJIP – fast chlorophyll fluorescence transients; PFD – photon flux 

density; Pht – phytoliths; Pi – performance index; PN – net photosynthetic rate; PPFD – photosynthetic 

photon flux density; PQ – plastoquinone;  PVP – polyvinylpyrrolidone; QA – primary quinone acceptor of 

PSII; QB – secondary quinone acceptor of PSII; RC - reaction center; RC/ABS – density of reaction centers 

per PSII antenna chlorophyll; Si – silicon; SiK® - potassium silicate; SM – (Area)/(Fm−Fo), representing 

energy necessary for the closure of all reaction centers; TRo/RC – flux of energy trapping per reaction 

center of PSII; UI – unsaturated index; WUE – water-use efficiency (= PN/E). 

2.1.1 Introduction 

Agriculture is one of the main activities affected by climate change, namely by the 

increase in temperature, changes in precipitation and increase in the occurrence of heat 

and drought waves (Tanmoy Das et al. 2016). 

In Portugal, 8 of the 10 warmest years of the last 100 years, occurred during the last 

20 years, with Portugal being considered a climate change hotspot (Carvalho et al. 2013). 

Until the end of the 21st Century, an increase in the mean summer season temperature of 

about 3-7ºC is expected, affecting the northern and central part of Portugal in particular 

(APA 2009). 

C. sativa is classified as a thermophilic species, well adapted to ecosystems with an 

annual mean temperature ranging between 8°C and 15°C and monthly mean temperatures 
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for 6 months, corresponding to the vegetative cycle, over 6-8°C  

(Gomes-Laranjo et al. 2008a). It is classified as a mesophyll species of the Mediterranean 

temperate climates, growing preferentially in the coastal area at sea level or in 

mountainous area of the interior regions. In these regions, crops are found between 400 

and 1,000 m (Gomes-Laranjo et al. 2007), where typical rainfall must be between 600-

1200 mm without a long dry season (Fernández-López and Alía, 2003). This dim-light 

species prefers the cool north-facing slope localities with mean annual temperatures 

between 8 and 15ºC, and daily maximum values during the vegetative cycle temperature 

around 27ºC (Gomes-Laranjo et al. 2007, Gomes-Laranjo et al. 2008b). In such regions, 

during the summer time, a combination of heat stress and water stress is more and more 

frequent, causing many problems in chestnut crops, which leads to a reduction in plant 

vigour, plant health and consequently the reduction of chestnut production  

(Gomes-Laranjo et al., 2004; Gomes et al., 2008b; Mota et al., 2014). High air 

temperatures may constitute one of the main restrictive factors affecting the 

photosynthetic apparatus.  

The photosynthesis occurs in the chloroplasts where the photosynthetic membranes, 

thylakoids are located. These membranes are responsible for the light reaction whereby 

light is captured and its energy converted to chemical energy in the form of ATP and 

NADPH concomitant with the development of oxygen. The thylakoids are composed with 

many membrane proteins that together with pigments, chlorophyll and carotenoids and 

membrane lipids, mainly galactolipids, form a highly complex membrane system that 

carry out electron transport, ATP synthesis absorbed the light through the help of the 

pigments in a very efficient way. In addition, the thylakoids have the ability to repair and 

promotes antioxidant protection against damage caused by light and oxidative stress 

(Albertsson and Akerlund, 2015). 

High temperatures induce high transpiration rates, resulting in a premature stomatal 

closure, reducing the leaf thermoregulation capacity and affecting the metabolic activity, 

namely causing a strong reduction in photosynthetic rate (Gomes-Laranjo, 2007). 

Moreover, plant tissues and organs will be damaged in different ways  

(Larkindale et al., 2005 a). The reduction of fruit setting was also referred by  

Conedera et al. (2016), who reported that the European chestnut species shows high 

sensitivity to the combination of high temperatures and scarce precipitation. Concerning 
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diseases, the spread of ink disease (caused by Phytophthora cinnamomi Rands) is one of 

most important consequences (Ahanger et al., 2013). 

Silicon is absorbed by root hairs through a passive uptake by a transpiration stream, 

being later transported as monossilic acid to the aerial part, where it is polymerized as 

solid amorphous silica bodies (SiO2.nH2O) called phytoliths. These bodies will not be 

remobilized anymore (Reynolds et al., 2016). The phytoliths play an important structural 

and protective role in the plant’s defence, with low energy costs, due to the increase in 

the rigidity and abrasiveness of the vegetal tissues, thereby forming a mechanical barrier 

against abiotic stresses. Similar conclusions were obtained by Carnelli et al. (2001) in 

alpine plant species and other plant communities. Moreover, phytoliths contribute to an 

increase in the resistance of xylem vessels to drought and heat, by increasing the water 

volume assimilation of plants under abiotic stress (Lobato et al., 2013). 

Silicon (Si) is recognized as a fertilizer, biostimulating plant protection under 

environmental stress (Sawas and Ntatsi, 2015; Latef and Tran, 2016). The beneficial 

effect of silicon is associated with the enhanced activity of superoxide dismutase and 

ascorbate peroxidase (Soundararajan et al., 2014). On the other hand, Agarie et al. (1998) 

reported that silicon is involved in the improvement of the photosynthetic activity in 

plants under heat stress, avoiding the photooxidation of chlorophyll. In addition, the 

amorphous bodies of Si, the phytoliths induce anatomical changes on the cell wall of 

leaves, increasing the stability of the membrane, reducing the oxidative damage on 

functional molecules, and improving the anti-oxidative defence ability (Kim et al., 2017).  

The aim of the present study is to evaluate the impact of Si fertilization on the 

resilience capacity of chestnut growing under high air temperatures and its recovery 

capacity after returning to adequate temperatures. 

 

2.1.2 Material and Methods 

2.1.2.1 Experimental design and treatments 

The experimental design was performed in the growth chamber located in 

University of Trás-os-Montes and Alto Douro, Portugal, Vila Real.  
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Castanea sativa seedlings with 2 months old, from Sousã variety, were planted in 

2 L pot filled with 70% of turf and 30% of perlite and regularly watered with the same 

water volume. The pots were randomly distributed in four groups, with twenty 

replications per treatment. Subsequently, the fertilization of chestnut plants was done 

with 50 mL of potassium silicate (SiK®) according to the following concentrations 0 mM, 

5 mM, 7.5 mM and 10 mM. The solution was applied directly to the soil. The 

concentrations of SiK® chosen for the present study were selected through the results of 

the previously study in chestnut plants published by Zhang et al. (2013). 

The plants were left in the growth chamber at 25ºC (A-25ºC) with a photoperiod 

of 12h (8:00 to 20:00) for one month. After that period, the air temperature was increased 

to 32ºC (B-32ºC) for one month. Then, the temperature was reduced to 25ºC (C-25ºC) for 

one month to study the recovery capacity of the plants. 

The watering of the chestnut plants was done twice a week, manually applying 

150 mL of water in each pot. 

Leaves samples were collected for study after the month of exposure to  

A - 25 °C, then after the period to exposition at B-32 °C, and finally at C-25 °C.  

 

2.1.2.2 Identification of phytoliths in chestnut leaves  

Light microscopy 

The cross-transversal sections of chestnut leaves were obtained from 10 mM SiK® 

treatments. The fragments were then placed in FAA solution (5% formaldehyde; 5% 

glacial acetic acid; 90% ethanol) during 48 hours, and subsequently dehydrated through 

an ethanol series (70, 80, 90, 95 and 100%) for 1 hour in each ethanol solution. Later, the 

samples were place in 100% xylol for 1 hour and, finally, embedded in paraffin at 60°C 

for 24 hours. The cross-sections of leaves were 5 µm thick obtained using a rotary 

microtome (RMC Power Tome XL, Boeckeler Instruments, Inc., Arizona, USA) and 

placed on histological slides. The samples were stained with a solution of 0.1 % toluidine 

blue-O solution in citrate buffer (pH 0.5) developed by Ruzin (1999) for staining vegetal 

tissues and specifically to identify the presence of phytoliths. An Olympus IX 51 inverted 

microscopy (Olympus optical Co., GmbH, Hamburg, Germany) connected to a camera 
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Olympus BX50 was used to visualize all these structures. For the analysis of the 

phytoliths of chestnut leaves, five replicates per treatment were made (n = 5). 

 

2.1.2.3 Determination of Si content in leaves 

The content of Si was analysed according to the method described by  

Korndörfer et al. (2004), through a colorimetric analysis of the alkaline digestion of 0.1 

g of dry leaf tissue for this nutrient. The reading was performed using spectrophotometer 

(Cary 100 Bio, Varian, Australia) at a wavelength of 410 nm. The measurement was 

replicated three times per treatment (n = 3). 

2.1.2.4 Gas exchange measurements 

For the gas exchange measurements, a portable open system infrared gas analyser  

(IRGA, mod. LCpro+, Analytical Development Co®, Hoddesdon, UK) was used to 

evaluate the fully expanded leaves of six plants per treatment. The gas exchange 

parameters analysed were the net photosynthetic rate (PN), stomatal conductance (gs) and 

transpiration rate (E). The water use efficiency (WUE) was determined by the ratio PN/E 

according to Zhang et al. (2013). The measurements were made between 10:00 and 12:00, 

with a photosynthetic photon flux density (PPFD) of 1,600 µmol(photon) m-2 s-1.  

2.1.2.5 Chlorophyll fluorescence, fast chlorophyll fluorescence transients  

            (OJIP) test 

The chlorophyll fluorescence was analysed using a pulse-amplitude modulated 

fluorometer (OS-30p Chlorophyll fluorometer, Opti-Sciences, Inc., Hudson USA) by the 

OJIP test protocol. In order to do so, leaf clips (Hansatech, England) were applied on the 

plant to keep the samples in the dark prior to the measurement (30 min), according to 

Zhori et al. (2015).  

The OJIP is considered an important tool to evaluate the effect of stress on 

photosynthesis and to investigate the function of photosystem II (PSII) and its reactions 

to changes in the environment (Zhang et al., 2013).  
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2.1.2.6 Photosynthetic pigments  

The photosynthetic pigments were spectrophotometrically determined according 

to Sesták et al. (1971) and Lichtenthaler (1987). Four discs (8mm diameter) were used 

from each leaf and the extraction was done using 10 mL of 80% acetone (v/v). Using  

5 mL of this extract, chlorophylls a, b, total chlorophyll (Chl a+b) and carotenoids (Car) 

were quantified using 663.6, 646.6 and 470 nm absorbances. 

2.1.2.7 Chloroplast isolation and chloroplast bioenergetic  

The isolation of chestnut chloroplasts was performed using fresh leaves, according 

to Gomes-Laranjo et al. (2006) and Zhang et al. (2013). The isolation buffer was 

composed of 20mM sorbitol, 10mM tricine-NaOH (pH 8.0), 30mM KCl, 5mM 

magnesium chloride (MgCl2), 0.75mM ethylenediamine tetraacetic acid (EDTA),  

0.1% (w/v) bovine serum albumin (BSA), 1% (w/v) ascorbic acid (C6H8O6) and 0.4% 

polyvinylpyrrolidone (PVP). The storage medium was composed of 165mM sorbitol 

(C6H14O6), 10mM Tricine-NaOH (pH 8.4), 5mM MgCl2 and 1% C6H8O6. 

According to Zhang et al. (2013), the oxygen evolution was measured using an 

Oxylab oxygen electrode control unit (Hansatech Instruments Ltd. Norfolk, England). On 

the other hand, the reaction buffer contained 200 mM sorbitol, 2 mM tricine-NaOH (pH 

8.4), 4 mM MgCl2 and 100 mM potassium chloride (KCl). A red light with a PPFD of 

1,000 μmol(photon) m−2 s −1 was used for 2 min as excitation light for chloroplasts. 

2.1.2.8 Extraction and chromatography of lipids 

Using the chloroplast extracts, lipids were determined according to the Bligh and 

Dyer (1959) procedure, with same modifications. A volume of 100 µl of chloroplast 

extract was incubated with 3 mL of methanol solution (CH3OH-H2O) 2:0.8 (v/v) and 1 

mL of chloroform (CHCl3) and agitated in a vortex during 5 min. Subsequently the 

samples were centrifuged at 2000 x g for 5 min. The liquid phase was removed to a new 

tube, with 1mL of chloroform, 1mL of distilled water and a few drops of 100 mM KCl 

were added. A new centrifugation of 2000 x g was carried out for 5 min. With a Pasteur 

pipette the pellet was transferred to new tubes under gas nitrogen atmosphere to remove 

the CHCl3 from the samples. Subsequently, the samples were degassed by the addition of 
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5 mL of a 5% (w / v) solution of sulfuric acid (H2SO4) with methanol to the lipid residue 

and were placed in a water bath for 2 hours at 70 ° C. After cooling to room temperature, 

5 mL of hexane (C6H14) was added to each sample and later centrifuged at 1000 x g for 5 

min. The supernatant was transferred to other tubes and saved for later. The pellet was 

resuspended with 5 mL of hexane, followed by a new centrifugation. The supernatant was 

mixed with the previous supernatant after which 3mL of distilled water was added and 

stirred for 2 min. Subsequently the organic phase was transferred and the anhydrous 

sodium sulphate (Na2SO4) was added to remove any water present and the samples were 

filtered. Finally, the tubes were closed under an atmosphere of gaseous nitrogen and 

reserved at -20 ° C for lipid analysis.  

The unsaturated index (UI) was calculated as: (% monoenoic acids_1) +  

(% dienoic acids_2) + (% trienoic acids_3), according to Pamplona et al. (1999) and to 

Rosa and Catala (1998). All the reactants used in the experiments were of an analytical 

degree. 

2.1.2.9 Statistical analysis 

All the data were subjected to statistical analysis using Statview  

(BrainPower Inc.,  California) and Statistic 8.0 (StatSoft Europe, Germany). ANOVA 

was also performed among the data treatments, using the Tukey test (P≤0.05).  

 

2.1.3 Results  

2.1.3.1 Identification of phytoliths in leaves  

The observation of leaf histology revealed the presence of phytoliths (Fig. 2.1.1) in 

treated plants, inserted in sieve vessels. Their presence is attributed to an increase in the 

stability of the vessels, indicating the existence of a passive transport of Si over the plants 

(Shakoor et al., 2015).  

 

 

 

 

https://en.wikipedia.org/w/index.php?title=BrainPower_Inc&action=edit&redlink=1
https://en.wikipedia.org/wiki/California
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According to Quigley and Anderson (2014), the presence of phytoliths also 

promotes the plant protection mechanisms against heat stress. 

 

Fig. 2.1.1 – Magnification of phytoliths (Pht) present on sieve vessels of chestnut leaves treated with  

10 mM SiK®. Chestnut leaves were harvested 120 days after SiK® fertilization. Bars 50 µm. 

 

2.1.3.2 Determination of Si content in leaves 

Determinations were done at the end of each phase. In the end of A-25ºC (2 months 

after fertilization with SiK®), results indicate an increase of leaf content in treated plants. 

While in control plants (0 mM SiK®) leaves had 0.35 mg Si.g-1, in treated ones with  

10 mM SiK®, Si content was 1.68 mg Si.g-1 (Fig. 2.1.2) representing an increase of 380%  

(Fig. 2.1.2). Si content significantly increased in B-32ºC (3 months after SiK® 

fertilization), while maintaining their contents in C-25ºC. Si content increased 39% on  

10 mM SiK® treated plants (Fig. 2.1.2).  

 

Fig. 2.1.2 - Si content (mg Si.g-1)  in chestnut leaves from plants treated with different concentration of Si 

(0 mM, 5 mM, 7.5 mM and 10 mM SiK®) and exposed at A-25ºC, B – 32ºC and C – 25ºC. Identical small 

letters mean non-significant differences between treatments under same temperature and identical capital 

letters mean non-significant differences between same treatment at different temperatures according to the 

Tukey’s test (P≤0.05). Vertical bars represent the standard error (SE) (n = 12). 
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Results also indicate that 3 months were needed to achieve the stabilization of Si 

content after application. On the other hand, there was a proportionality between the 

content of SiK® in fertilization and the content of leaves to store it, demonstrating that the 

chestnut species is a siliceous species as also indicated by Carneiro-Carvalho et al. (2017). 

 

2.1.3.3 Gas exchange measurements 

The SiK® fertilization influenced net photosynthetic rate (PN) (Fig. 2.1.3A). The 

highest concentration, or the highest PN, was verified in three phases, with the rates taken 

under 25ºC being higher than those obtained under 32ºC. Comparing both periods,  

A-25ºC and C-25ºC, results indicate that SiK® (on 7.5 and 10 mM treatments) positively 

influenced the recovery capacity of PN after the heat stress period (B-32ºC), contrarily to 

control plants and the plants treated with 5 mM SiK®. Maximal rates were obtained in C-

25ºC, 3.7 μmol CO2 m
-2s-1 (10 mM SiK®). The impact of the temperature increase to 32ºC 

(B-32ºC) was stronger on non-fertilized plants than on fertilized ones. Reduction on PN 

was 52% on Si free plants whilst on fertilized ones (10 mM SiK®) it was 19%. When the 

temperature was newly reduced to 25 ºC, to analyze the recovery period, an increase on 

PN was observed on Si treated plants, 39%, 76% and 82% in 5, 7.5 and 10 mM SiK® 

treatments, while in control plants PN continued to be similar. The comparison between 

the initial period (A-25ºC) and the recovery period (C-25ºC) after the heat stress period 

(B-32ºC), indicates a reestablishment of the A-25ºC rates on C-25ºC for Si-plants but not 

for the control plants, where the rate was lower than the former.  

With reference to the transpiration rate (E, Fig. 2.1.3B), an increase in temperature 

induced high E in all treatments. Despite the fact that under initial conditions no 

differences were observed between treatments, they were observed during the heat stress 

phase, on B-32ºC. The highest increase on E was measured on the control plants, 72%, 

while on 7.5 and 10 mM SiK® treatments only a slight increase was observed (near 28%). 

In relation to the recovery period, C-25ºC, a decrease in E was observed in all plants, 

though it was non-significant on Si-treated plants. Comparing A-25ºC with C-25ºC, the 

recovery of E on Si-treated plants (7.5 and 10 mM SiK®) was complete, while in control 

plants and 5 mM SiK® plants E continued to be significantly higher than in B-25ºC and 

in A-25ºC, suggesting an incomplete recovery.  
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Si treatments also positively influenced the recovery capacity of the stomatal 

conductance (gs). No significant differences were observed between A-25ºC and C-25ºC, 

contrary to the increase measured in control plants for the last period. In terms of heat 

stress tolerance, when comparing A-25ºC and B-32ºC, heat induced a high increase 

among control plants (66 %), while only a slight increase was measured in Si-treated 

plants (Fig. 2.1.3C).  
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Fig. 2.1.3 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on gas exchange parameters 

in chestnut plants submitted to different temperatures (A - 25ºC, B- 32ºC and C - 25ºC): (A) net 

photosynthetic rate; PN [µmol m-2 s-1]; (B) transpiration rate, E [mmol(H2O) m-2 s-1]; (C) stomatal 

conductance, gs [mol(H2O) m-2 s-1]; (D) water use efficiency, WUE [mol(CO2) mol(H2O)-1]. Identical 

lowercase letters mean non-significant differences between treatments under same temperature and 

identical capital letters mean non-significant differences between same treatment at different temperatures 

according to the Tukey’s test (P≤0.05). Vertical bars represent the standard errors (SE) (n = 12). 

 

 

The water use efficiency (WUE) quantitatively describes the behavior of gas 

exchanges in leaves, indicating the ability of the plant to use the water resource (Tankari 

et al. 2019). The initial exposure of chestnut plants at 25ºC (A-25ºC), showed an increase 

in WUE from 3.2 to 4.7 mol(CO2) mol(H2O)-1 (Fig. 2.1.3D) between 0 mM and 10 mM 

SiK® treatments. However, under the warm period (B-32ºC), a significant decrease in 
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and 10 mM SiK® treatments) than in control plants (140%) (Fig. 2.1.3D). It is noteworthy 

to observe that the return to initial values occurred once again at C-25ºC for Si-treated 

plants, while for the control plants it was only partial (56%) (Fig. 2.1.3D). 

According the analysis of the factor interaction (Tab. 2.1.1), Si treatment was the 

most important factor to explain the variation of all the parameters, representing 45.9% 

for PN, 50.2% for E, 28.1% for gs and 56.4% for WUE.  

 

Tab. 2.1.1 - Results of ANOVA test (mean of squares) for the effect of different treatments (0 mM, 5 mM, 

7.5 mM and 10 mM SiK®) on the chestnut plants exposed at A – 25ºC, B – 32ºC and C – 25ºC relatively to 

the gas exchange parameters : net photosynthetic rate, PN [µmol m-2 s-1], transpiration rate,  

E [mmol(H2O) m-2 s-1], stomatal conductance, gs [mol(H2O) m-2 s-1] and water use efficiency, WUE  

[mol(CO2) mol(H2O)-1] (n=12). 

 

 
 

          

  PN   E   gs   WUE 

Variaction factor (P)    Var(%)  (P)    Var(%)  (P) 
   

Var(%) 
 (P) 

   

Var(%) 

Treat. *** 45.9  *** 50.2  * 28.1  *** 56.4 

Temp. *** 28.0  n.s. 20.1  ** 10.9  n.s. 10.3 

Trat*Temp. *** 16.6  ** 13.3  *** 17.3  *** 22.0 

Residual   13.9     25.3     27.6     19.6 

 
 

          
 

*** P≤0.001, ** P≤0.01, * P≤0.05, ns: non-significant, according to ANOVA test. 

 

2.1.3.4 Chlorophyll fluorescence, OJIP test 

Chlorophyll (Chl) fluorescence provides information about the photosynthetic 

mechanism of plants, as well as the structure and function of the electron transport chain. 

Therefore, it has been used to detect changes in the photosystem II (PSII), which can 

occur under environmental stress conditions (Strasser et al., 2004; Martinazzo et al., 

2012).  
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Figure 2.1.4 shows the OJIP curves measured during the trial at the end of B-32ºC 

and C-25ºC. Under 32ºC, the main differences were observed during the P phase, where 

the fluorescence of control plants was lower compared with the Si-treated plants.  

 

 

Fig. 2.1.4 – OJIP standard curves measured on chestnut plants fertilized with 0 mM, 5 mM, 7.5 mM and 

10 mM SiK® in the end of B-32ºC and C-25ºC phases. (a) B-32ºC, (b) C-25ºC (n = 6). 
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during the P phase was around 840 u.a., while for the 10 mM treated- plants it was 940 

u.a. (Fig. 2.1.4). The higher fluorescence values in phase I - P reflect the increase in the 

final electron acceptor of the PSI. 

The antenna size and reduced side heterogeneity were also analyzed (Fig. 2.1.5). In 

the two highest SiK concentrations, the number of inactive centers increased less (about 

5%) than in the control plants. Concerning the maximal rate by which an exciton is 

trapped by the RC, resulting in the reduction of the primary quinone acceptor of PSII 

(QA), stress can increase the flux of energy trapping per reaction center of PSII (TRo/RC) 

since it indicates that the QA has been reduced,  but it is not able to oxidize back due to 

temperature stress (i.e. the re-oxidation of the QA is inhibited so that the QA cannot 

transfer electrons efficiently to the secondary quinone acceptor of PSII (QB) and 

maximum energy is also lost in dissipation). For this parameter, only a slight difference 

was observed between treatments. The same tendency was also observed for DIo/RC (Fig. 

2.1.5), which represents the ratio of the total dissipation of untrapped excitation energy 

from all the RCs with respect to the number of active reaction centers (RCs). Dissipation 

results from the excess absorption of photons that occurs as the heat, fluorescence and 

energy transfer to other systems. As the inactive centers increased, the dissipation energy 

flux per PSII reaction center (DIo/RC) also increased because the inactive centers were 

unable to trap the photon. This increase also reflects the loss of connectivity between the 

PSII heterogeneous units (Mathur et al. 2011). In relation to Maximum electron transport 

flux (further than QA−) per PSII reaction center (ETo/RC), which reflects the re-oxidation 

of reduced QA via electron transport in an active RC, the differences were not significant. 

The density of reaction centers per PSII antenna chlorophyll (RC/ABS) also was 15% 

lower for the 7.5 and 10 mM SiK treatments (Fig. 2.1.5).  

Analyzing plants in the recovery period (C-25ºC), Piabs (Fig. 2.1.5) on fertilized 

plants continued to be higher (30 to 50%, according to Si concentrations) than in control 

plants. However, the difference was lower, indicating that heat stress affected plants in 

higher degrees. In relation to the others, for the energy necessary for the closure of all 

reaction centers (SM), light absorption flux (for PSII antenna chlorophylls) per reaction 

center (ABS/RC), flux of energy trapping per reaction center of PSII (TRo/RC), electron 

transport flux per cross section (Eto/CS) and RC/ABS the values from three Si-treatments 

were similar among them, but different when comparing with control plants, which 

suggests a positive impact of the silicon in protecting the photosynthetic apparatus.  
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Fig. 2.1.5 – A “spider plot” of selected parameters characterizing behavior of photosystem II of chestnut plants 

fertilized with 0 mM, 5 mM, 7.5 mM and 10 mM SiK® exposed at different temperatures (a) B-32ºC (b) C-25ºC.  All 

values are shown as percent of control (control plants = 100). Fv/Fm (maximum efficiency of PSII photochemistry), 

SM (energy necessary for the closure of all reaction centers), ABS/RC (light absorption flux (for PSII antenna 

chlorophylls) per reaction center (RC) TRo/RC (trapped (maximum) energy flux initial (leading to QA reduction) per 

reaction center (RC)), Dio/RC (dissipation energy flux initial per PSII reaction center (RC)), ETo/RC (maximum 

electron transport flux initial (further than QA−) per PSII reaction center (RC)), Tro/CSo (Trapping at time zero, per 

CS), TRo/CSm (trapped (maximum) energy flux (leading to QA reduction) per CS), Dio/CS (Dissipation at time zero, 

per CS), ETo/CS (Electron transport at time zero, per CS), RC/ABS (light absorption flux (density of reaction centers 

per PSII antenna chlorophyll) and Piabs (the performance index). 
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No significant differences were observed on Pi between SiK fertilized and control 

plants in the end of A-25ºC (Fig. 2.1.6). However, the warm period (B-32ºC) induced a 

significant decrease on the Pi of control plants (53%) and only a slight decrease in treated 

plants (e.g. 7% on 10 mM SiK® treatment).  Many authors consider the performance index 

(Pi) included on the OJIP test to be a powerful non-destructive and fast method that offers 

information about the functionality of PSII and allows researchers to detect modifications 

in the photosynthetic activity of the plants influenced by changes in the surrounding 

environment, as well as to provide information about the functionality of the PSII (Živčák, 

et al. 2008; Giannakoula and Ilias, 2013; Rykaczewska and Mankowski, 2015). 

Concerning the recovery period (C-25ºC), once again the recovery was almost complete 

in the Si-treated plants, while that was not the case in the control plants (around 69% of 

A-25ºC value) (Fig. 2.1.6).  

 

 

Fig. 2.1.6 – Effect of different concentrations of Si applied (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) to 

chestnut plants subjected to A - 25ºC, B- 32ºC and C- 25ºC on chlorophyll fluorescence parameter, 

performance index (Pi). Identical small letters mean non-significant differences between treatments under 

same temperature and identical capital letters mean non-significant differences between same treatment at 

different temperatures according to the Tukey’s test (P≤0.05). Vertical bars represent the standard error 

(SE) (n = 6). 
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2.1.3.5 Photosynthetic pigments  

As shown in Table 2.1.2, under heat stress conditions the (B-32ºC) Chla+b content 

was significantly higher in Si-fertilized plants (121% on 10 mM SiK® treatment) than in 

the control plants. When the temperature rose from 25ºC to 32ºC, the Chla+b amount in 

the control plants decreased 33%, while in the Si-fertilized plants an increase of 41% (on 

10 mM SiK® treatment) was observed (Tab. 2.1.2).  

 

Tab. 2.1.2 – Effect silicon treatment (0 mM, 5mM, 7.5 mM and 10 mM SiK®) on chlorophyll pigments  

(Chl a/b, Chl a+b, Car., Chl/Car.) of chestnut plants exposed at A – 25ºC, B – 32ºC and C – 25ºC. Data are 

means ± SE (n = 6). Values within rows, followed by the same letter(s), are not significantly different 

according to Tukey’s test (P < 0.05). 

       

Treatment     

(mM SiK®) 
Temp. (ºC) 

Chl a+b   

(mg g-1 DM-1) 

Car.                

(mg g-1 DM-1) 
Chl a/ b               Chl/Car.            

0 

25 

20.5 aA 3.25 aA 2.20 aA 6.31 aB   

5 19.1 aB 3.67 bA 2.05 aA 5.20 bA 
 

7.5 20.9 aC 4.12 aB 2.33 aB 5.07 bA 
 

10 21.5 aC 4.29 aB 2.16 aB 5.01 bA 
 

0 

32 

13.7 bB 2.29 cB 1.30 cB 5.98 aB   

5 22.5 abA 3.96 bA 2.34 bA 5.68 aA 
 

7.5 26.8 aB 5.00 aA 2.75 abA 5.36 aA 
 

10 30.3 aB 5.75 aA 3.03 aA 5.27 aA 
 

0 

25 

20.3 aA 2.61 cB 1.60 bB 7.77 aA   

5 24.4 bA 4.34 bA 2.40 abA 5.61 bA 
 

7.5 31.8 aA 5.37 aA 3.05 aA 5.93 bA 
 

10 35.5 aA 6.00 aA 3.11 aA 5.92 bA 
 

Variation factor           

Treat. 48.8 76.8 61.6 55.6  

Temperature 30.2 9.53 6.88 29.7  

Treat.*Temp. 20.5 13.2 30.8 14.1  

Residual 0.494 0.443 0.800 0.553   

       
 

* Identical small letters mean non-significant differences between treatments under same temperature and 

identical capital letters mean non-significant differences between same treatment at different temperatures. 

* Identical capital letters mean non-significant differences between same treatment at different 

temperatures.  
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Concerning carotenoids (Car), SiK induced the carotenoid synthesis, since on A-

25ºC Si-treated plant had 32% more content than the control plants. Moreover, in the end 

of B-32ºC, the warm period, SiK® also induced the synthesis of more Car, while in control 

plants its content decreased by 30% (Tab. 2.1.2). Consequently, Chl/Car was tendentially 

lower in SiK fertilized plants than in the control. Relatively to the Chla/ b ratio, no 

significant differences were observed at the first exposure of chestnut plants to 25ºC. 

However, the warm period (B-32ºC) led to a strong decrease in the control plants, from 

2.2 (A-25ºC) to 1.3 (B-32ºC) mg g-1 (DM-1), while in Si-treated plants the Chla/ b was 

preserved. These results are corroborated by those from the ANOVA analysis, which 

suggest that the SiK treatment was the main factor for the reported variations. 

 

2.1.3.6 Chloroplast isolation and chloroplasts bioenergetic  

Heat stress causes damages at the level of chloroplasts, on their photochemical 

components and on the thylakoid membranes (Bita and Gerats, 2013). As shown in Figure 

5, fertilization of SiK increased the oxygen evolution. When air temperature increased 

to 32ºC (B-32ºC), the decay of the oxygen evolution of fertilized plants was lower than 

in control plants (92%) (Fig. 2.1.7) and the recovery capacity at C-25ºC was complete for 

treated plants, while it wasn’t observed for the control plants.   

 

 

Fig. 2.1.7 – Effect of SiK® (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the chloroplasts activity of chestnut 

plants exposed to different temperatures (25ºC, 32ºC and again 25ºC) for one month. Identical small letters 

mean non-significant differences between treatments under same temperature and identical capital letters 

mean non-significant differences between same treatment at different temperatures. Vertical bars represent 

the standard error (SE) (n = 4). 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0 5 7.5 10

O
2

(µ
m

o
l.

m
L

-1
.m

in
-1

)

SiK® (mM)

A-25ºC B-32 ºC C-25ºC

bA

cB cB

bA

bB

bA

aA
aA

aAaA

aB
aB



51 

 

These findings can be explained by the fact that Si application on chestnut plants 

resulted in well preserved and stable chloroplast membranes under heat stress conditions. 

 

2.1.3.7 Extraction and chromatography of lipids 

Fertilization with SiK seems to induce a slight increase of the fatty acid 

unsaturation degree, 83% (control plants) to 85% (7.5 and 10 mM SiK) when plants are 

growing under favourable temperatures (A-25ºC). However, when plants faced heat 

stress, unsaturation decreased by 3% and 11% for the control and treated chloroplasts, 

respectively (Tab. 2.1.3). Consequently, the saturation level increased in a similar way. 

Therefore, the presence of SiK seems to promote the adaptation of unsaturated/saturated 

chloroplast fatty acids against the air temperature conditions, inducing a reduction under 

heat stress conditions.  
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Table 2.1.3 – Lipid composition of chestnut leaves from plants treated with 0 mM, 5 mM, 7.5 mM and 10 mM SiK® and exposed at 25ºC, 32º and 25ºC. Total saturation (Total 

sat.), Total unsaturation (Total unsat.), ratio insaturation/saturation (% insat./% sat.) and unsaturated index (UI) (n=3). 

 

           

Treat. 
Temp. 

(ºC) 

Total Total % insat. 
PI UI 

Total UI Total UI 

sat. (mol%) unsat. (mol%) % sat. C16 (mol%) C16 C18 (mol%) C18 

0 

A - 25ºC 

16.8 aA 83.2 bA 5.00 bA 100.4 cB 183.0 cB 22.8 bB 7.91 aB 61.0 cB 135.2 cB 

5 17.8 aA 82.2 bA 4.60 bA 125.8 bA 207.6 bA 25.1 aB 8.28 aB 66.0 bB 161.9 bB 

7.5 15.0 bB 85.0 aA 5.70 aA 137.9 aA    222.5 aA 21.8 bA 7.45 aA 64.0 bB 158.8 bB 

10 15.3 bB 84.7 aA 5.50 aA 139.2 aA 223.6 aA 20.8 bB 6.24 bA 72.0 aA 180.4 aA 

0 

B - 32ºC 

19.1 bA 80.9 aA 4.20 aB 127.0 aA 207.6 aA 23.8 bB 6.50 aB 73.6 aA 190.3 bA 

5 20.1 bA 79.9 aA 4.00 aB 130.0 aA 209.7 aA 22.2 bB 4.07 bC 74.9 aA 194.0 aA 

7.5 20.5 bA 79.5 aB 3.90 aB 125.2 aB 204.4 aB 24.7 bA 6.08 aA 73.0 aA 188.2 bA 

10 24.9 aA 75.1 bB 3.00 bB 113.8 bB 188.6 bC 28.7 aA 7.07 aA 65.8 aA 163.0 cC 

0 

C - 25ºC 

16.6 bA 83.4 aA 5.00 aA 94.9 cB 177.6 cB 35.1 aA 20 aA 63.3 bB 139.2 dB 

5 19.0 aA 81.0 bA 4.30 bA 106.8 bB 187.3 bB 30.3 bA 11.2 bA 69.0 aB 156.9 cC 

7.5 20.5 aA 79.5 bB 3.90 cB 109.7 bC 188.8 bB 26.6 cA 7.61 cA 66.0 aB 161.7 bB 

10 20.8 aA 79.2 bB 3.80 cB 115.0 aB 193.8 aB 26.7 cA 6.85 cA 67.7 aB 171.3 aB 

             
 

* Identical small letters mean non-significant differences between treatments under same temperature and identical capital letters mean non-significant differences between 

same treatment at different temperatures. 

* Identical capital letters mean non-significant differences between same treatment at different temperatures.  
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2.1.4 Discussion 

As discussed above, the chestnut tree is a thermophilic species presenting low 

tolerance to high temperatures. The results analysed here suggest that silicon can improve 

the chestnut’s tolerance through anatomical, structural and ecophysiological mechanisms.  

In what concerns the anatomical and structural issues, this study demonstrated that 

fertilization with SiK improved the deposition of phytoliths on the leaves in wide 

amounts, namely in the conducting vessels (Fig. 2.1.1). This suggests that the chestnut 

might be a siliceous plant according to Mattson and Leatherwood (2010) and Cooke and 

Leishman (2011). Otherwise, due to the increase in heat stress tolerance, which in turn 

promotes higher rates of photosynthesis and consequently high transpiration rates, Si 

fertilized chestnut leaves can accumulate more and more Si as opposed to the absence 

found in Si deficient leaves (Fig. 2.1.2), as was also referred by Agarie et al. (1998).  

Chestnut plants under high temperatures (above 32ºC) can suffer more than 50% of 

a reduction in PN (Fig. 2.1.3A) (Gomes-Laranjo et al., 2006; Gomes-Laranjo et al., 

2008b). Consistently, the results of this study demonstrated the benefits of Si fertilization. 

On Si fertilized plants, only a slight decrease was observed when the temperature rose 

from 25ºC to 32ºC, contrary to that observed in non-Si supplemented plants, leading to a 

cascade of inhibitions in the leaf photochemistry, as well as metabolic impairments, some 

of them studied here. These findings were also confirmed by other studies carried out by 

Habibi and Hajiboland (2013), Perdono (2017) and Lipiec et al. (2013) in pistachio, rice 

and maize plants, respectively.  

It is now widely accepted that chlorophyll fluorescence parameters provide useful 

information concerning PSII activity and photosynthetic metabolism in stressed plants 

(Habibi, 2016). The OJIP test is widely used to appraise stress-induced impairments in 

the photosynthetic apparatus (Maghsoudi et al. 2015). Kavitha & Murugan (2016) 

observed a decrease of H2O2 production and an improvement in the photochemical 

efficiency of the PSII in tomato plants under abiotic stress, in Si treated plants compared 

with the control plants. The cause of the fluorescence decline at high temperatures has 

been linked to the decline in the functioning of primary photochemical reactions, 

primarily involving inhibition of the PSII, located in the thylakoid membrane system 

Mathur et al. (2011).  
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Many authors (Strasser et al. 2004, Bacarin et al. 2011, Kalaji et al. 2011) have 

characterized the vitality of plants in response to different environmental stresses by the 

Piabs. In the present study, Si fertilization generally promoted the increase in the vitality 

of chestnut plants submitted to high temperatures in the B-32ºC phase (see Fig. 2.1.6). 

The increase of the Piabs was attributed by Strasser et al. (2000) to an increase of the 

primary photochemistry and photochemical efficiency in the photosynthetic electron 

transport, which can also be associated to a TRo/RC decrease and ETo/Cs increase as 

concluded by Bacarin et al. (2011) for Brassica napus plants. The same was observed in 

this study.  

Heat stress frequently causes a decrease in the amount of photosynthetic pigments, 

because of their susceptibility to oxidative damage. The accumulation of phytoliths in the 

leaves favoured the increase of chlorophyll content (Fig. 2.1.1, Tab. 2.1.1), mainly Chl a 

as the increase in Chl a/b suggests, as well as Car content by increasing the protection of 

the photosynthetic apparatus against heat damage and avoiding the degradation of 

chlorophyll by oxidative stress (Tab. 2.1.2). These results are in line with Agarie et al. 

(1998), Al-aghabary et al. (2005), Rubinowska et al. (2014) and Sivanesan et al. (2014), 

who demonstrated that Si application on rice, tomato, Polygonatum multiflorum and 

Nephrolepsis exaltata plants increase the photochemical efficiency of PSII, by 

stimulating the synthesis of photosynthetic pigments through the detoxification of the 

H2O2 level under heat stress.  

The presence of phytoliths on chestnut leaves (Fig. 2.1.1) might be involved in the 

regulation of the stomatal movement and in the increase of cuticle thickness by a thick 

layer of silica gel associated with the cellulose on the walls of epidermal cells. This can 

lead to a decrease in water loss by the cuticle and/or stomata, as detected in this 

experiment, where lower values of E and gs were recorded in the Si-supplied plants (Figs. 

2.1.3B, C). The presence of phytoliths can act as a solar screen (Shen et al. 2010), 

absorbing heat and induced biosynthesis of protective pigments (Car and anthocyanin), 

promoting the protection of the PSII from the photo-damage, which consequently 

favoured the higher rates of photosynthesis and indirectly promoted the increase of WUE 

(Fig. 2.1.3D). The present findings are in accordance with Zanetti et al. (2016) and Sattar 

et al. (2017), who proved that Si fertilization in cacao and wheat plants interfered in 

stomatal dynamics and photochemical reactions, therefore regulating photosynthesis.  
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Chloroplasts are considered good biosensors of heat stress because they are the key 

site for photosynthesis, a process which is highly susceptible to damage caused by high 

temperatures (Gomes-Laranjo et al., 2006). When exposed to high temperatures, they can 

exhibit two opposite effects at the level of the electron transport chain of photosynthesis 

(Tóth et al. 2007). On the other hand, photosystem I (PSI) is stimulated by heat (as 

measured by the rate of P700+ reduction), due to a greater reduction of the plastoquinone 

(PQ) pool by ferredoxin (Fd) at high temperatures (Tóth et al., 2007). In contrast, 

photosystem II (PSII), particularly the oxygen-evolving complex (OEC), is deactivated 

even at slightly elevated temperatures (Yamane et al., 1998), demonstrating that this 

process is especially sensitive to temperature stress (Pushpalatha et al., 2008). Heat stress 

causes severe damages to the PSII, the most thermosensitive component of thylakoid 

membranes. According to Balakhnina and Borkowska (2013), the Si application induces 

the stability of the thylakoid membrane under heat stress, and consequently on the 

chloroplast structure. This promotes a high chloroplast activity and high photosynthesis 

rate, influencing chlorophyll content and photochemical quantum yields of 

photosynthesis. According to our results, the oxygen evolution rate in chloroplasts from 

SiK® treated plants was higher than in control plants, both under 25ºC or 32ºC. At the  

B-32ºC phase, oxygen evolution decreased in Si-deprived plants by 60%, while in the Si 

leaves the reduction was of 20% (Fig. 2.1.7).  

High temperatures alter lipid properties, causing membranes to become more fluid 

and then disrupting membrane process (Larkindale et al., 2005 b). In regard to the fatty 

acids composition in chestnut leaves, heat tolerance was observed one more on Si 

treatments through the increasing of the saturation of fatty acids (Tab. 2.1.3). 

Furthermore, the Si-fertilized plants present a decrease on unsaturation of fatty acids at 

32ºC, considered one major strategy of plants adapt to high temperature, as suggested by 

Gombos et al. (1994) and Zheng et al. (2011). Several studies reported that plants under 

heat stress can reduced the degree of unsaturation of fatty acids thereby increasing the 

heat tolerance in Arabidopsis thaliana, chestnut and tobacco plants (Murakami et al. 

2000, Falcone et al. 2004, Gomes-Laranjo et al. 2006, Zheng et al. 2011). Moreover, the 

silicon fertilization in chestnut plants decrease the degree of membrane lipid unsaturation 

in response to the rise of temperature (B-32ºC) (Tab. 2.1.2), reducing membrane injury 

by high accumulation of saturated fatty acids, enhancing heat stability of lipids through 

maintaining the integrity, stability and function of cell membrane (Liu and Huang 2004, 
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Ahmed et al., 2012). Similar results were found by Hajiboland et al. (2012), Liang et al. 

(2015).  

Heat can influence the fluidity of thylakoid membranes, leading to the 

disintegration of the lipid bilayer, which affects namely the PQ pool and adenosine 

triphosphate (ATP) synthesis (Pshybytko et al., 2008; Ashraf and Harris, 2013). Air 

temperature can induce changes in the lipid properties of thylakoid membranes, making 

them more or less fluid (Larkindale et al., 2005b) by adjusting the fatty acid composition. 

As a result, in the present study, it was observed that under 32ºC Si-fertilized plants had 

a higher decrease in the unsaturation degree of thylakoid fatty acids than the non-SiK 

fertilized plants (Tab. 2.1.3). This adjustment is considered one of the major strategies of 

plant adaption against high temperatures, as suggested by Gombos et al. (1994) and 

Zheng et al. (2011). Several studies have reported that plants (e.g. Arabidopsis thaliana, 

chestnut and tobacco) under heat stress can reduce their degree of unsaturation of fatty 

acids, thereby increasing their heat tolerance (Murakami et al., 2000; Falcone et al., 2004; 

Gomes-Laranjo et al., 2006; Zheng et al., 2011). This adjustment leads to a reduction of 

membrane injury, the enhancement of the heat stability of lipids, as well as the 

preservation of the integrity, stability and function of cell membrane (Liu and Huang, 

2004; Ahmed et al., 2012).  

 

2.1.5 Conclusions 

The present study demonstrated that fertilization of chestnut plants with SiK 

increased their tolerance to high temperatures, such as those in the experiment (B-32ºC), 

with 7.5 to 10 mM SiK being the adequate range of concentration. The improvement of 

heat tolerance might be associated with the presence of Si as phytoliths in the leaf tissues, 

which helps to improve their resilience at the morphological, physiological and 

biochemical levels.  
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Capítulo 2.2 

The protective effect of silicon (Si) against environmental stress 

has been observed in many crops. The objective of this work was 

to evaluate the impact of SiK® fertilization on the resilience 

capacity of chestnut plants growing under high air temperature 

conditions and their recovery capacity after a turnover to 

adequate temperatures. Castanea sativa plants were supplied 

with 0 mM, 5mM, 7.5 mM and 10 mM SiK® and exposed 

sequentially to 25ºC, 32ºC and 25ºC for one month each. 

Histological observations revealed that phytoliths are 

accumulated inside the xylem vessels. These findings suggested 

that phytoliths are involved in increasing the heat tolerance of 

chestnut plants by reducing the oxidative damage and improving 

the antioxidant enzymes and metabolites. Under heat stress 

(32ºC), there was an increase in the catalase, ascorbate 

peroxidase and peroxidase activities, as well as in the phenol 

content of supplemented plants, which consequently reduced the 

electrolyte leakage, lipid peroxidation and hydrogen peroxide 

content. Additionally, a lower proline content was measured 

inside the leaves’ tissues of Si-treated plants. Besides the 

resilience against heat stress, after exposure to 32ºC, the 

recovery was also quick.  
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Stress oxidative evaluation on SiK® supplemented Castanea sativa Mill. 

plants growing under high temperature  

Andreia Carneiro-Carvalho, Rosário Anjos; Teresa Pinto and  José Gomes – Laranjo 

 

Abbreviations: APX – ascorbate peroxidase; C2H4O2 – glacial acetic acid; C9H6O4 –acid ninhydrin;  

CAT – catalase; DTNB – 5,5′ dithiobis 2 nitrobenzoic acid; EDTA – ethylenediamine tetraacetic acid;  

ELP – electrolyte leakage; H2O2 – hydrogen peroxide; LPO – lipid peroxidation; MDA – malondialdehyde;   

Pht – phytoliths; POD – peroxidase; Pro – proline; ROS – reactive oxygen species; Si – silicon;   

SiK® - potassium silicate; SiO2nH2O – amorphous silica; SOD – superoxide dismutase; SP – soluble 

proteins; SS – soluble sugars; ST – starch; TL – thiol; TP – total phenol compounds. 

 

2.2.1 Introduction 

Temperature stress is increasingly becoming the major concern for plant 

researchers worldwide due to climate change. The high temperatures induce cellular 

changes that include responses leading to the excess accumulation of toxic compounds, 

especially reactive oxygen species (ROS) which favour oxidative stress (Hasanuzzaman 

et al., 2013).  

Plants have evolved a variety of responses to extreme temperatures to minimize 

damages and ensure the maintenance of cellular homeostasis. An alternative that has been 

used in stress management is the activation of the plant’s latent tolerance mechanisms, 

which might be obtained through Si fertilization (Fantinato et al., 2018). Numerous 

studies have confirmed the potential of Si application in plants to improve their tolerance 

to high temperatures (Agarie et al., 1998; Iyyakkannu et al., 2014; Sehgal et al., 2018). 

These authors explained that there is a relationship between the application of silicon and 

the reduction of oxidative damage and plant stress tolerance under high temperatures. 

Silicon is deposited inside plant tissues as phytoliths, which are microscopic "plant 

stones", constituted mainly of silicon dioxide. These can develop a physical barrier, which 

avoid the excessive transpiration and also induce an active protection by starting a 

sequence of defense biochemical reactions in the plant (Epstein, 1999). 

Deshmukh et al. (2017) and Kumar et al. (2017) suggested three dominant modes 

of Si deposition in vegetal tissues, namely the direct silicification in silica cells, the 
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spontaneous cell wall silicification, and the directed cell wall silicification protective 

action via the formation of a physical barrier. The chemistry of the phytolith contributes 

to our understanding of silicon dissolution. These studies describing the dynamics of Si 

and its distribution in plants have contributed to new findings concerning the role of Si in 

plants.  

Si fertilization has the ability to increase the activities of antioxidant enzymes: 

catalase (CAT), peroxidase (POD) and ascorbate peroxidase (APX) (Soundararajan et al. 

2014), whereas the amount of hydrogen peroxide (H2O2), electrolyte leakage (ELP) and 

lipid peroxidation (LPO) in the membranes decreased with the application of silicon when 

compared with control plants under high temperatures (Gong et al., 2005; Hussain et al., 

2019). A study by Yong et al. (2013) showed that when compared with the control plants, 

Si application reduced the malondialdehyde (MDA) content and improved the activities 

of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) under heat stress 

in rice. Moreover, Kim et al. (2017) explained that the metabolic alterations triggered by 

Si can be associated with an increase in antioxidant defense abilities, therefore alleviating 

the oxidative damage of cellular functional molecules induced by overproduced of ROS 

by exposition to heat, maintaining many physiological processes of the stressed plants. In 

order to adapt to stress conditions, plants possess several mechanisms, such as triggering 

similar physiological responses, the accumulation of compatible solutes (e.g. phenols and 

thiols) and enzymatic activation (Hussain et al., 2019). 

Silicon fertilization reduced proline levels, indicating that Si reduces stress levels 

because proline is considered a biochemical indicator of stress and an osmotic regulator. 

Moreover, silicon is also known as an anti-stress agent and can reduce oxidative damage 

(Gunes et al., 2008; Mauad et al., 2016). 

Many authors (Haddad et al., 2007; Zhu et al., 2014; Malhotra et al., 2016; Mauad 

et al., 2016) highlight the importance of silicon in agriculture to increase the tolerance of 

crops against abiotic stresses. Therefore, it is important to create innovative strategies to 

promote chestnut resilience against them. 

The present study aims to evaluate the improvement provided by Si fertilization on 

chestnut growth under heat stress. The evaluation is carried out at the level of leaf 

biochemical metabolites. 
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2.2.2 Material and Methods 

2.2.2.1 Experimental design and treatments 

The experimental design was made in the growth chamber located at the University 

of Trás-os-Montes and Alto Douro, Portugal, Vila Real.  

Firstly, 2-months old Castanea sativa seedlings of the Sousã variety were planted 

in 2 L pots.  These were filled with 70% turf and 30% perlite and watered regularly with 

the same water volume. The pots were randomly distributed in four groups, with twenty 

replications per treatment. The fertilization of chestnut plants was done with 50 mL of 

potassium silicate (SiK®) according to the following concentrations 0 mM, 5 mM, 7.5 

mM and 10 mM. The solution was applied directly to the soil. The concentrations of SiK® 

chosen for the present study were selected through the results of the previously study in 

chestnut plants published by Zhang et al. (2013). 

The plants were left in the growth chamber at 25ºC (A-25ºC) with a photoperiod of 

12h (8:00 to 20:00) for one month. After that period, the air temperature was increased to 

32ºC (B-32ºC) for one month. Then, the temperature was reduced to 25ºC (C-25ºC) for 

one month to study the recovery capacity of the plants. 

The watering of the chestnut plants was done twice a week, manually applying 150 

mL of water in each pot. 

Leaves samples were collected for study after the month of exposure to A - 25 °C, 

then after the period to exposition at B-32 °C, and finally at C-25 °C.  

2.2.2.2 Identification of phytoliths in chestnut leaves  

Light microscopy 

The cross-transversal sections of chestnut leaves were obtained from 10 mM SiK® 

treatments. The fragments were placed in an FAA solution (5% formaldehyde; 5% glacial 

acetic acid; 90% ethanol) for 48 hours, and subsequently dehydrated with an ethanol 

series (70, 80, 90, 95 and 100%) for 1 hour in each ethanol solution.  After that, the 

samples were placed in 100% xylol for 1 hour and then embedded in paraffin at 60°C for 

24 hours. The cross-sections of leaves were 5 µm thick obtained using a rotary microtome 

(RMC Power Tome XL, Boeckeler Instruments, Inc., Arizona, USA) and placed on 

histological slides. The samples were stained with a solution of 0.1 % toluidine blue-O 
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solution in citrate buffer (pH 0.5), specially formulated to identify the presence of 

phytoliths, according to Ruzin (1999) recommendation for staining vegetal tissues. An 

Olympus IX 51 inverted microscope (Olympus optical Co., GmbH, Hamburg, Germany), 

connected to an Olympus BX50 camera, was used for the visualization of all these 

structures. For the analysis of the phytoliths of bud leaves and leaves, five replicates were 

made per treatment (n = 5). 

 

2.2.2.3 Measurement of Si content in leaves 

The content of Si was analysed according to the method described by Korndörfer 

et al. (2004), through the colorimetric analysis of the alkaline digestion of 0.1 g of dry 

leaf tissue for this nutrient. The measurement was replicated 3 times per treatment  

(n = 3). 

 

2.2.2.4 Determining the amount of total phenol compounds  

Four discs (8mm diameter) from each leaf were used and the extraction was done 

using 10 mL of 80% acetone (v/v). The total phenol compounds (TP) compounds were 

quantified using 5 mL of the acetonic extract, according to the Folin-Ciocalteu’s 

procedure (Singleton and Rossi, 1965), The absorbance was measured at 795 nm. The 

measurement was replicated six times per treatment (n = 6). 

 

2.2.2.5 Soluble sugars and starch quantification 

The extraction of total soluble sugars (SS) was carried out in 80% ethanol (v/v), 

following the colorimetric method of Irigoyen et al. (1992). The absorbance of the 

samples was measured at 625 nm. Starch (ST) content was determined through a pellet 

from soluble sugars (SS), with the extraction being carried out in 30 % perchloric acid 

(v/v) and quantified spectrophotometrically at 625 nm, according to Rose et al. (1991). 

Glucose was used as a standard for the SS and ST measurements and was made six 

replication per treatment (n = 6). 
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2.2.2.6 Determining electrolyte leakage percentage (ELP), lipid peroxidation (LPO) 

and the amount of hydrogen peroxide (H2O2)  

Electrolyte leakage is a method used to evaluate the stress-induced injury of plant 

tissues and the capacity of the plant to tolerate stress (Demidchik et al., 2014). The 

percentage of electrolyte leakage was measured according to Abu-Muriefah (2015), with 

some modifications. Leaf discs were placed in 10 mL of double-distilled water at 25 ºC 

in a shaker (100 rpm) for 24 h. Their conductivity was recorded (C1) using an electrical 

conductivity meter (Jenway 470 portable conductivity meter, England). The samples 

were then autoclaved at 120 ºC for 20 min and their conductivity also recorded (C2). The 

percentage of electrolyte leakage was calculated according to the formula:  

ELP (%) = C1/ C2 

The measurement was replicated six times per treatment (n = 6). 

The lipid peroxidation (LPO) content was measured with the method described by  

Zhu et al. (2004). Absorbance of the supernatants was determined at 532 and 600 nm. 

The LPO was expressed as μMg-1 FM, by using an extinction coefficient of 155mM−1 

cm−1. The measurement was replicated six times per treatment (n = 6). 

The amount of hydrogen peroxide (H2O2) in the chestnut leaves was measured 

using the Gong et al. (2005) methodology. The absorbance of the samples was read at 

390 nm and the H2O2 content was expressed as nmol g−1 FM. The measurement was 

replicated six times per treatment (n = 6). 

 

2.2.2.7 Proline content assay 

The free proline content was calorimetrically determined, according to Bates et al. 

(1973). Five discs (8 mm diameter) were homogenized in 3% aqueous sulfosalicylic acid, 

followed by centrifugation at 5000 x g for 20 minutes. The supernatant reacted with acid-

ninhydrin (C9H6O4) and 2 mL of glacial acetic acid (C2H4O2) in a test tube for 1 h at 

100ºC. The reaction mixture was extracted with 2 mL toluene from each sample. The 

absorbance was read at 520 nm in a spectrophotometer mod. Varian, Cary 50.  

The measurement was replicated six times per treatment (n = 6). 
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2.2.2.8 Thiol content quantification 

The measurement of thiol (TL) content was made according to Gong et al.  (2005) 

by using a homogenized disc (8 mm) in 50 mM Tris-HCl with 20 mM ethylenediamine 

tetraacetic acid (EDTA), pH 8.0. The samples were then centrifuged for 20 min at 15.000 

x g. For the TL measurement, 0.25 mL of the homogenates were mixed with 0.75 mL of 

0.2 M Tris-HCl, pH 8.2 and 0.05 mL of 0.01 M of 5,5′ dithiobis 2 nitrobenzoic acid 

(DTNB). The absorbance of the supernatant was read at 412 nm and the TL amount was 

calculated by using the extinction coefficient of 13.1 mM-1cm-1.  

The measurement was replicated six times per treatment (n = 6). 

 

2.2.2.9 Quantification of soluble proteins content  

Measurement of the total soluble proteins (SP) content was carried out 

spectrophotometrically, using bovine serum albumin as a standard, according to 

Bradford’s method (1976). 

The measurement was replicated six times per treatment (n=6). 

 

2.2.2.10 Antioxidant activity measurement 

The catalase activity (CAT) was measured by the Clark type O2 electrode connected 

to an appropriate register, according to the methodology of Wu et al. (2014). The 

apparatus used for measuring the release of O2 was Oxy-Lab Hansatech. and the activity 

was expressed as Units g-1 FM. 

The peroxidase (POD) activity was determined according to the method by 

Farooq et al. (2013), with the increase in the absorbance due to oxidation of guaiacol 

being measured spectrophotometrically at 470 nm. The POD activity was expressed in  

Units g-1 FM by using the appropriate coefficient extinction (Ɛ = 26.6 mM-1 cm-1). 

Ascorbate peroxidase (APX) activity was assayed following the method of 

Farooq et al. (2013). The oxidation of ascorbate was observed by the change in 

absorbance at 290 nm, while the activity of APX was expressed in Units g-1 FM by using 

the appropriate coefficient extinction (Ɛ = 2.8 mM-1 cm-1). 



71 

 

The measurement was replicated six times per treatment (n = 6). 

 

2.2.2.11 Statistical analysis 

All data were subjected to analysis of variance using Statview. Statistical 

differences among treatments were determined by the Tukey test (P≤0.05). The statistical 

analysis was carried out with Statview and Statistic 8.0. 

 

2.2.3 Results  

2.2.3.1 Silicon in leaves 

The observation of leaf histology (Fig. 2.2.1) revealed the presence of phytoliths in 

treated plants in sieve vessels.  The increased stability of the vessels is attributed to their 

presence, indicating the existence of passive transport of Si over the plants (Shakoor et 

al., 2015).  

 

 

 

 

 

 

 

Fig. 2.2.1 – Magnification of phytoliths (Pht) present on sieve vessels of chestnut leaves treated with 10 mM SiK®. 

Chestnut leaves were harvested 120 days after SiK® fertilization. Bars 50 µm. 

 

According to Quigley and Anderson (2014), the presence of phytoliths also 

promotes plant protection mechanisms against heat stress. 
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The leaf Si content at the end of the A-25ºC phase (2 months after application) 

increased by 31%, 346% and 480% on 5 mM, 7.5 mM and 10 mM SiK®, respectively 

(Tab. 2.2.1).  

 

Tab. 2.2.1 - Si content in chestnut leaves from plants treated with different concentration of Si (0 mM, 5 

mM, 7.5 mM and 10 mM SiK®) and exposed to A – 25ºC, B – 32ºC and C – 25ºC. Identical small letters 

mean non-significant differences between treatments under same temperature and identical capital letters 

mean non-significant differences between same treatment at different temperatures. Data are means ± 

standard error of six replicates per treatment (n = 6).  

 

Treatment  A - 25ºC B - 32ºC C - 25ºC 

0 mM SiK® 0.35 ± 0.03 dA 0.41 ± 0.04 dA 0.33 ± 0.01 dA 

5 mM SiK® 0.81 ± 0.01 cB 1.29 ± 0.07 cA 1.23 ± 0.04 cA 

7.5 mM SiK® 1.21 ± 0.01 bB 1.80 ± 0.01 bA 1.95 ± 0.04 bA 

10 mM SiK® 1.68 ± 0.06 aB 2.33 ± 0.02 aA 2.41 ± 0.07 aA 

 

*Identical small letters mean non-significant differences between treatments under the same temperature.  

*Identical capital letters mean non-significant differences between the same treatment at different 

temperatures. 

 

The accumulation of leaf Si still was improved on the B-32ºC phase, with an 

increase of 314%, 439% and 568% on 5 mM, 7.5 mM and 10 mM SiK®, relatively to 

control (Tab. 2.2.1). The present findings show that there was a positive relationship 

between SiK® content in fertilization and the leaf content of Si, indicating that the 

chestnut species is a siliceous species, as was also suggested by Carneiro-Carvalho et al. 

(2017). 

 

2.2.3.2 Total phenol compounds  

Inducing the accumulation of phenolic compounds is a specific adaptation to 

changing environmental conditions, due to their essential role on plant defence 

mechanisms (Caretto et al., 2015).  
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Data show that in the beginning of the trial, no significant differences were detected 

between treated and control plants in the absence of heat stress. However, the exposure 

of plants to B - 32ºC caused a large increase in TP, with this increase being higher, the 

higher SiKcontent. It increased by 27% in control plants and 52%, 83% and 98% in 5 

mM, 7.5 mM, 10 mM SiK® treatments, respectively (Fig. 2.2.2). These differences 

remained even at the end of the C-25ºC period.  

 

Fig. 2.2.2 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on total phenol compounds 

content (mg g-1 FM-1) of chestnut plants exposed at A - 25ºC, B - 32ºC and C - 25ºC. Identical small letters 

mean non-significant differences between treatments under the same temperatures and identical capital 

letters mean non-significant differences between the same treatment at different temperatures. Data are 

means ± standard error of six replicates per treatment (n = 6).  

 

2.2.3.3 Soluble sugars and starch 

In the beginning of the experiment, leaf soluble sugars content (A-25ºC) was similar 

between all treatments (Fig. 2.2.3). Nevertheless, in the end of the B-32ºC phase, its 

content increased in treated plants 118%, 152% and 197% on 5 mM, 7.5 mM and 10 mM 

SiK®, respectively, while inn control plants there was a reduction of 65%. In treated 

plants, leaf sugar content was similar between them both in the B-32ºC and C-25ºC 

phases. 
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Fig. 2.2.3 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on soluble sugar content 

(mg g-1 FM-1) of chestnut plants exposed to A - 25ºC, B - 32ºC and C - 25ºC. Identical small letters mean non-significant 

differences between treatments under the same temperature and identical capital letters mean non-significant 

differences between the same treatment at different temperatures. Data are means ± standard error of six replicates per 

treatment (n = 6).  

 

Regarding the amount of ST, the variation followed the same pattern as for soluble 

sugar. There was a reduction in control plants and an increase in treated plants when they 

were submitted to heat stress (Fig. 2.2.4). 

 

 

Fig. 2.2.4 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the amount of starch (mg g-1 FM-1) 

in chestnut plants exposed to A - 25ºC, B - 32ºC and C - 25ºC. Identical small letters mean non-significant differences 

between treatments under the same temperature and identical capital letters mean non-significant differences between 

the same treatment at different temperatures. Data are means ± standard error of six replicates per treatment (n = 6).  

 

 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0 5 7.5 10

S
o

lu
b

le
 s

u
g

a
rs

 (
m

g
 g

-1
F

M
-1

)

SiK® (mM)

A-25ºC B-32ºC C-25ºC

aA

bB
bB

aB

aA
aA

aB

aA
aA

bB

aA

aA

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 5 7.5 10

S
ta

rc
h

 (
m

g
 g

-1
F

M
-1

)

SiK® (mM)

A-25ºC B-32ºC C-25ºC

aA

bC

cB

aA aA

bA aB

aA aA

aB

aA
aA



75 

 

2.2.3.4 Electrolyte leakage, lipid peroxidation and hydrogen peroxide  

Electrolyte leakage (ELP) is an indication of the integrity degree of plant cells. This 

method is frequently applied to evaluate the abiotic stress-induced injury on plant tissues 

and as a parameter to measure the plant stress tolerance (Demidchik et al., 2014). The 

ELP measurements didn’t show significant differences between untreated and Si-treated 

plants in the initial exposure to 25ºC (A-25ºC). However, during the warm period  

(B-32ºC) a significant increase in ELP was observed in control plants (63%), while only 

a slight increase was measured in treated plants (Fig. 2.2.5A). 
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Fig. 2.2.5 –Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on chestnut plants relatively 

to electrolyte leakage percentage (ELP), lipid peroxidation (LPO) and hydrogen peroxide (H2O2) 

sequentially exposed to A - 25ºC, B - 32ºC and C - 25ºC. Each value is presented as a mean ± standard 

error (n = 6).  A. ELP (%), B. LPO (µMg-1FM), C. H2O2 (µMg-1FM). Identical small letters mean non-

significant differences between treatments under the same temperature and identical capital letters mean 

non-significant differences between the same treatment at different temperatures. 

 

Lipid peroxidation (LPO) is one of the main mechanisms involved in the oxidative 

damage to cell structures and in the toxicity process that leads to cell death (Repetto et 

al., 2014). Our results didn’t show significant differences between the control plants and 

Si-treated plants in the initial exposure to 25ºC (A-25ºC). However, the warm period  

32ºC) induced a significant increase in LPO, which were higher in untreated plants (72%) 

than in Si-treated plants (7% and 14% on 7.5 mM and 10 mM SiK® treatments)  

(Fig. 2.2.5B). Comparing A-25ºC with C-25ºC, the data indicated that Si application 

improved the capacity of LPO recovery since no significant difference was observed 

between both periods.  

The accumulation of H2O2 in the leaf mesophyll cells under heat stress lead to the 

production of ROS, causing damage in the biological processes (Hossain et al., 2015). As 

shown in Fig. 2.2.5C, the H2O2 content did not significantly differ among treatments when 

plants were exposed to 25ºC (A-25ºC). When comparing the plants between A-25ºC and 

B-32C, data showed a significant increase in untreated plants (79%), while the Si-treated 

plants recorded lower values, 27% and 23% on 7.5 mM and 10 mM SiK® treatments. In 

the recovery period (C-25ºC), once again the Si application on chestnut plants allowed 
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for a complete recovery. This was not the case for the untreated plants, where the values 

were well above those of A-25ºC (around 33%) (Fig. 2.2.5C). 

 

2.2.3.5 Proline content 

Under normal temperature conditions (A - 25ºC, Fig. 2.2.6), no difference was 

observed in the proline (Pro) amount between treatments. However, a significant 

difference (P≤0.05) in Pro content was observed between Si-treated and Si-untreated 

plants at 32ºC, where untreated plants showed the following content: 0.0085 mg g-1 FM 

(Fig. 2.2.6) and 0.0039 and 0.0038 mg g-1 FM on 7.5 mM and 10 mM SiK® treatments. 

This difference represents a reduction of 54% and 55%, respectively.  

Analyzing the results between A-25ºC and C-25ºC, no significant differences were 

observed in Si-treated plants, while an increase in the Pro amount in the last period (48%) 

was measured in the untreated plants (Fig. 2.2.6). Si fertilization in chestnut plants limited 

the accumulation of Pro in tissues under heat stress (B-32ºC), 5%, contrarily to what was 

observed in control plants (89%) (Fig. 2.2.6).  

 

Fig. 2.2.6 – The proline content (mg g-1 FM) in chestnut plants treated with different concentrations of SiK® 

(0 mM, 5 mM, 7.5 mM and 10 mM SiK®) and submitted at A - 25ºC, B - 32ºC and C - 25ºC. Identical small 

letters mean non-significant differences between treatments under the same temperature and identical 

capital letters mean non-significant differences between the same treatment at different temperatures. Data 

are means ± standard error of six replicates per treatment (n = 6).  
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2.2.3.6 Thiol content  

Data in Table 2.2.2 didn’t show significant difference between Si free plants and 

Si-supply plants on the initial exposition to 25ºC (A-25ºC). On the other hand, comparing 

the results between A-25ºC and B-32ºC, the Si application induced a significant 

accumulation in the TL level, from 0.0045 to 0.0169 µmol g-1 DM (176%, 10 mM SiK® 

treatment), while the untreated plants presented a slight increase (97%) (Tab. 2.2.2). 

Additionally, the Si-treated plants also showed a recovery capacity of the TL contents 

measured on those plants from B-32ºC to C- 25ºC (Tab. 2.2.2). 

 

Table 2.2.2 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) in thiol content  

(µmol g-1 DM) of chestnut leaves exposed to A - 25ºC, B - 32ºC and C - 25ºC (n=6). Data are means ± 

standard error of six replicates per treatment (n = 6).  

    

 Treatment A - 25ºC B - 32ºC C - 25ºC 

0 mM SiK® 0.039 ± 0.02 aB 0.077 ± 0.08 bA 0.0050 ± 0.05 bB 

5 mM SiK® 0.0043 ± 0.02 aB 0.0104 ± 0.03 bA 0.0064 ± 0.02 aA 

7.5 mM SiK® 0.0037 ± 0.03 aB 0.0143 ± 0.03 aA 0.0055 ± 0.03 bB 

10 mM SiK® 0.0045 ± 0.02 aB 0.0169 ± 0.02 aA 0.0068 ± 0.03 aB 

    

*Identical small letters mean non-significant differences between treatments under the same temperature.  

*Identical capital letters mean non-significant differences between the same treatment at different 

temperatures. 

 

2.2.3.7 Soluble proteins  

Regarding the soluble protein content, at A-25ºC no significant differences were 

observed between untreated plants and Si-treated plants. However, the heat stress (32ºC) 

lead to a marked reduction for control plants (105%), while Si-treated plants showed a 

slight decrease (17%) (Fig. 2.2.7).  
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Among the treatments, once again, only Si treatments showed a tendency to make 

a complete recovery after the warm period exposition (B-32ºC), contrarily to Si-deprived 

plants (Fig. 2.2.7). 

 

Fig. 2.2.7 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on soluble protein amount  

(mg g-1 FM-1) of chestnut plants exposed to A - 25ºC, B - 32ºC and C - 25ºC. Identical small letters mean 

non-significant differences between treatments under the same temperature and identical capital letters 

mean non-significant differences between the same treatment at different temperatures. Data are means ± 

standard error of six replicates per treatment (n = 6).  

 

2.2.3.8 Antioxidant activity 

Thirty days after exposure to 25ºC (A-25ºC), there were no differences in the 

enzymatic activity between Si-free plants and Si-treated plants (Fig. 2.2.8), except in CAT 

for 10 mM SiK® treatment.  

Ascorbate peroxidase (APX) have high affinity for H2O2, being reported as an 

efficient regulator of ROS, which contributes to the detoxification of H2O2 in chloroplasts 

and apoplastic space (Sofo et al., 2015; Pandey et al., 2017). Compared to A-25ºC, the 

values of APX activity for B-32ºC increased 109% in 10 mM SiK® treated plants and 

37% in control plants. Consequently, a strong increase was also measured, from 20.3 to 

40.5 Units g-1 FM, between 0 mM and 10 mM SiK® treatments, respectively. This 

increase corresponds to an increase of 99.5% (Fig. 2.2.8A). 

Catalase (CAT) is involved in H2O2 scavenging of defence mechanisms in plants 

exposed to heat, being essential for the suppression of toxic H2O2 levels in tissues  
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(Sofo et al., 2015). While in the end of A-25ºC no significant difference on CAT activity 

was observed between treatments, after their submission to high air temperature (B-32ºC), 

a significant increase in its activity was measured for three SiK® treatments (5 mM - 42%, 

7,5 mM - 181%  and 10 mM -141%) (Fig. 2.2.8B). The activity of this enzyme was 

strongly reduced in the end of the third phase, where temperatures fell to a non-stress 

value once again. 
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Fig. 2.2.8 - Effects of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on ascorbate peroxidase 

(APX, Units g-1 FM), catalase (CAT, Units g-1 FM) and peroxidase (POD, Units g-1 FM) activities in 

chestnut leaves at A - 25ºC, B - 32ºC and C - 25ºC. A. APX; B. CAT; C. POD. Identical small letters mean 

non-significant differences between treatments under the same temperature and identical capital letters 

mean non-significant differences between the same treatment at different temperatures. Data are means ± 

standard error of three replicates per treatment (n = 3).  

 

The peroxidase (POD) is a defense enzyme involved in the scavenging of H2O2, 

reducing the oxidative damage to the cells (Sofo et al., 2015). As happened in the CAT 

enzyme, also for POD no difference was observed after A-25ºC between the control and 

treated plants. Nevertheless, after being submitted to the warm period (B-32ºC), POD 

activity increased in three SiK-treated groups from 177.9 to 286.6 Units g-1 FM  

(Fig. 2.2.8C), for 5, 7.5 and 10 mM SiK® treatments, while in control plants, there was a 

reduction in its activity.  

In the present study, the measurement of enzymes activity (APX, CAT and POD) 

showed once again the capacity of Si-fertilized plants during the C-25ºC phase for 

recovering to similar values of A-25ºC, as opposed to control plants (Fig. 2.2.8). 
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2.2.4 Discussion 

The anatomical and structural modifications resulting from Si fertilization are 

associated with the deposition of phytoliths in the leaves, namely in the conducting 

vessels (Fig. 2.2.1). Concerning phytoliths formation, the silicon is absorbed through a 

passive uptake via the transpiration stream inside the plants and is later transported from 

the roots as monossilic acid to the aerial part, where it is polymerized as solid amorphous 

silica bodies (SiO2nH2O), or phytoliths, which aren’t remobilized (Epstein, 1994; Sahebi 

et al.,  2014; Reynolds et al., 2016). The beneficial effect of Si in chestnut plants when 

exposed to heat stress is associated with the presence of silicon in the form of phytoliths 

in the leaves (Fig. 2.2.1), the main organ affected by higher temperatures. In this work, 

the phytoliths have an important structural and protective role in the plant’s defence, with 

a lower energy cost, by increasing the rigidity and abrasiveness of the plant tissues, 

thereby forming a mechanical barrier against abiotic stresses, as verified by Carnelli et 

al. (2001) in alpine plant species and plant communities. Moreover, the phytoliths 

contribute to higher resistance of xylem vessels against drought and heat by increasing 

the water volume assimilated by plants under abiotic stress (Lobato et al., 2013). 

In regard to the Si content in chestnut leaves (Tab. 2.2.1), Si-treated plants have 

accumulated Si almost proportionally to the applied concentration, reinforcing the idea 

that this species is a siliceous species. It is well known that chestnut grows in deep, acidic 

and decalcified soil, basically on a siliceous substrate (Portela et al., 2007). Similar results 

have been also reported in Nephrolepis exaltata (Iyyakkannu et al., 2014) and in passion 

(Costa et al., 2016) plants. 

When compared the results between A-25ºC and B-32ºC (Tab. 2.2.1), the Si level 

increased significantly in Si-supplied plants from the former to the last phase. This 

variation might be attributed either to the impact of the temperature, or to the time needed 

for the silicon to reach the leaves as also described by Ivyakkannu et al. (2014).  

Results indicate that exogenous Si application can have an important role in 

osmoregulation, protecting the biomolecules, chloroplasts and membranes. This allows 

the plants to maximize sufficient storage reserves to support basal metabolism under heat 

conditions and induces a significant increase in the antioxidant defence, namely in TP 

(Fig. 2.2.2) and APX, CAT and POD activity (Fig. 2.2.8), as suggested by Das et al.  

(2016) in their studies on rice plants. On the other hand, the high improvement on ELP, 

http://www.vitroplus.nl/v2/fern_detail.php?fern=4
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LPO and H2O2 (Fig. 2.2.5) contents recorded for control plants can be attributed to an 

injury of the membranes, leading to degradation of many cellular components, as was 

also previously verified by Abu-Muriefah et al.  (2015) in faba bean plants. 

Phenolic compounds (TP) have important antioxidant properties and this 

biosynthesis is significantly induced in plant tissues under heat conditions. This is why 

they represent a powerful mechanism of defence in the optimal protection against 

environmental stresses (Caliskan et al., 2017). Data indicates that the warm period (B-

32ºC) promoted the increase in TP content for all chestnut plants. However, this increase 

was significantly higher in Si-supplied plants (263%, on 10 mM SiK®) than in control 

plants (65%) (Fig. 2.2.2), indicating that Si application induced the accumulation of TP 

on leaf tissues as a consequence of exposure (B-32ºC). The present findings are 

corroborated by studies by Rivero et al.  (2001) and Schaller et al. (2013) in tomato, 

watermelon, soybean and wheat, who verified that Si-treated plants under heat presented 

a much higher TP concentration compared to susceptible plants. Previous studies by 

Malcovská et al. (2014) explain that Si activates the accumulation of TP in maize plants 

under heat stress, an acclimation mechanism defence to help in the inhibition of oxidation 

damage and to enhance resistance to this abiotic stress.  

Heat stress resulted in a significant accumulation of ELP (Fig. 2.2.5A) and H2 O2 

(Fig. 2.2.5C) content in untreated plants (0 mM SiK®). However, Si application 

significantly reduced ELP (Fig. 2.2.5A) and H2 O2 (Fig. 2.2.5C) content at 32ºC. The 

efficiency of antioxidant enzymes in the preservation of membranes against ROS injury 

was noticeable in the reduction of the amount of ELP (Fig. 2.2.5A) in Si-treated plants 

(32ºC) and is likely another reason for the protective effect of Si in the photochemistry of 

leaves observed in this study. Moreover, the H2O2 (Fig. 2.2.5C) content in plant tissues 

can be a precursor of a highly reactive oxygen species (Ślesak et al., 2007). The 

accumulation of H2O2 affects the structure and integrity of plasma membranes by 

influencing the stress-dependent peroxidation of membrane lipids (Liang et al., 2006, 

2007). The present findings suggesting that the increased CAT, POD and APX activity 

in Si-treated plants (10 mM SiK®) was beneficial to the lower levels of H2O2 under high 

temperature conditions (B - 32ºC), as compared to control plants (0 mM SiK®). In 

addition, the Si-supplied plants recover from the heat period (B - 32ºC) in the recovery 

period (C - 25ºC), which didn’t occur in the control. 
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Lipid peroxidation (LPO) is an indicator of oxidative damage in cell membranes 

resulting from the ROS accumulation with toxic properties in the tissues during 

environmental stresses (Labudda, 2013). The production of ROS by plants occurs in plant 

cells as a response to abiotic stress exposure, causing injury in the biological processes 

(Hossain et al., 2015). As shown in Figure 2.2.5C, the exposure to B - 32ºC induced a 

more significant oxidative damage in untreated plants than in Si-fertilized plants, 

indicating that Si application can prevent the structural and functional deterioration of 

cell membranes by protecting them from ROS toxicity and reducing oxidative stress. 

These findings are in accordance with the studies of Rubinowska et al. (2014) and Shekari 

et al. (2017), who stated that the Si treatment reduced the permeability of the membranes 

by stimulating the synthesis of antioxidant enzymes, which deactivate the H2O2 

responsible for the peroxidation of cell lipids. Moreover, these authors suggested that Si 

can act in the stability of cell membranes through changes in the ratio of unsaturated and 

saturated fatty acids, maintaining the integrity and functionality of plasmatic membranes. 

Proline (Pro) is considered a biochemical indicator of stress due to the improvement 

of these levels in plants exposed to heat, resulting in a destruction or decrease in protein 

biosynthesis, as well as through their negative effect on membrane stability (Putras et al., 

2012). Current results suggest that Pro content (Fig. 2.2.6) on the Si-treated plants 

decrease with the application of the Si concentration. These results are consistent with the 

lower values of ELP, LPO and H2O2 (Fig. 2.2.5) levels at 32ºC (B-32ºC), indicating that 

Si has a beneficial role in mitigating/reducing the negative effects of heat stress. These 

results are in accordance with the studies of Al-Mayahi (2016), who proved that Si 

decreases the Pro level on Phoenix dactylifera plants, improving their heat injury. This 

can be explained by the fact that the Pro biosynthesis is a highly energy-demanding 

process, which is why the lower production could benefit the plant by saving more energy 

for coping with abiotic stresses. Data reinforced the studies of Gunes et al. (2008), Mauad 

et al. (2016), Hajipour and Jabbarzadeh (2016) and Kim et al. (2017) in sunflower, rice 

and chrysanthemum plants, who reported that Si application significantly reduced the Pro 

content and increased the ability of ROS scavenging by increasing the antioxidant activity 

defence, considered the essential defence mechanism of plants exposed to warm periods 

(B-32ºC). 

Silicon fertilization also increases heat tolerance in chestnut plants by increasing 

their biochemical defence responses. First, the TL is a strong antioxidant involved in the 
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plant’s response to many stress factors and their increase, redox status and regulation are 

key to plant stress resistance. This is because it enables the detoxification of ROS 

compounds, causing the cells to be much more susceptible to oxidative stress (Carvalho 

2008). This study indicates that 7.5 mM and 10 mM SiK® presented higher TL content 

(Tab. 2.2.2) at B - 32ºC than control plants. This increase was perhaps due to the presence 

of Si inside the plant tissue, which stimulated the biosynthesis of TL (Tab. 2.2.2) as 

indicated by the induction of the synthesis of glutathione, as reported by Zhu and Gong 

(2014) in their studies on grasses. According to Zagorchev et al. (2013), the TL plays a 

central role in stress response and oxidative signalling, contributing to heat tolerance in 

plants.  Moreover, the studies of Labudda et al. (2014) reinforce the important role of TL 

in the prevention of peroxidation damage in plants, acting as a protection for the thiol 

protein. It also induces the metabolism of glutathione, considered as the most abundant 

non enzymatic antioxidant with an important role in the antioxidant defence of plants 

cells, which helps reduce the toxicity of ROS caused by the stress conditions, as suggested 

by Gong et al.  (2005) and Pei et al. (2010). 

Regarding the amount of SP, Si application conferred protection to these 

biomolecules against heat (B-32ºC), significantly reducing the oxidative stress and 

consequently avoiding the denaturation of proteins (Fig. 2.2.7). The drop in SP recorded 

by plants with no Si can be associated to the improvement in Pro levels in plants under 

stress conditions, resulting from a destruction or decrease in the biosynthesis of proteins, 

which can affect membrane stability, according to Putras et al. (2012) in Musa sp. studies. 

The beneficial effect of Si fertilization on the activity of antioxidant enzymes in 

plants under heat stress has been previously reported (Malhotra et al., 2016; Kim et al., 

2017). APX and CAT are enzymes involved in the elimination of ROS, while POD acts 

on the oxidation of phenols to quinones, which is important regarding tolerance against 

environmental stresses, as well as the metabolism of phenolic compounds (Wang et al., 

2010; Taranto et al., 2017). APX is the most powerful antioxidant inside the cells (Kim 

et al., 2017). In the present work, Si application significantly increased APX, CAT and 

POD activity at B - 32ºC (Fig. 2.2.8), with 10 mM SiK® treatment showing an increase 

of 29%, 18% and 36% respectively, of antioxidant enzymes involved in the defence 

response to heat stress, according to Malhotra et al. (2016). These findings suggest that 

the Si-treated plants were more resistant to heat stress compared to untreated plants. This  

was attributed to the increase in APX, CAT and POD activity promoted by Si fertilization, 
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which can be associated with the decrease in ELP, LPO and H2O2 contents, considered as 

tolerance mechanisms against heat injury, corroborating the previous studies of Wang et 

al. (2010) on Momordica charantia. Several authors reported the beneficial role of Si 

application to warm exposure in pepper (Lobato et al., 2013) and maize plants (Zhu and 

Gong, 2014; Bukari et al., 2015). Data indicated that heat tolerance mechanisms verified 

on Si-treated plants can be associated to the increase in the antioxidant enzymes studied 

(Fig. 2.2.8), the heavy accumulation of TP and other secondary metabolites which provide 

protection to chestnut plants against heat stress. Similar results were also found by 

Haddad et al. (2007) and Malhotra et al. (2017) in grapevine, chickpea and tomato plants.  

Finally, comparing the initial period (A-25ºC) with the recovery period (C-25ºC) 

for all the parameters being analysed (C-25ºC), data showed that Si-fertilized plants have 

the ability to be restored to their former values at C-25ºC. However, this was not verified 

in control plants, where the values were lower than A-25ºC (Fig. 2.2.8).  

2.2.5 Conclusions 

The present study demonstrated that the chestnut plants fertilized with 7.5 mM and 

10 mM SiK® concentrations showed heat tolerance at B - 32ºC, which can be associated 

to the presence of Si inside tissues as phytoliths in the leaves. This improved antioxidant 

enzyme defense and the synthesis of total phenol compounds against higher temperature 

conditions, reducing the oxidative damage and protecting membranes from the cytotoxic 

effects. 

The exogenous addition of Si to chestnut plants also induces biochemical defense 

responses by increasing enzymatic activity (APX, CAT and POD), inducing the TP 

amount which promotes heat tolerance in chestnut plants against ROS damage. 

This study has also indicated that Si-treated plants have a recovery ability at C-25ºC 

after a warm period (B-32ºC), conferring one more advantage to chestnut plants under 

heat stress. 

In conclusion, the present findings suggest that Si fertilization helps promote 

chestnut plant resilience to heat stress, assisting these plants during the summer. 
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Among abiotic stresses, drought is considered one of the main 

growth-limiting factors in many crops. Plant tolerance to drought 

is mainly associated with the maintenance of plant water status, 

either by reducing water loss through decreasing transpiration or 

improving plant root capacity to extract more water through 

osmotic adjustment. In this study, the impact of silicon application 

on chestnut plants under drought stress is studied.  

Drought is an abiotic stress which has been aggravated by climate 

changes, with increasingly warmer and drier summers. This is a 

serious problem in the chestnut crop in Portugal due its need for 

water during this time, which is essential for good formation and 

development of the fruit. Si fertilization is referenced by several 

authors as important in increasing the tolerance of different plant 

species under drought conditions. In the present study the chestnut 

plants were fertilized with 0, 5, 7.5 and 10 mM potassium silicate 

and exposed to a non-irrigation phase and an irrigation phase. 

The results indicate that Si fertilization increased the relative 

water content and water potential, while reducing the transpiration 

rate, stomatal conductance and stomatal density under deficit 

irrigation in Si-treated plants (10 mM SiK®), in comparison with 

the control plants (0 mM SiK®). Moreover, the Si-treated plants 

also presented higher photosynthetic activity and photosynthetic 

pigment contents (Chla+b, Car.). Relatively to the xylem, the 

analysis suggests that Si fertilization promotes higher vessel 

frequency with a lower diameter, promoting a higher relative 

hydraulic conductivity and a lower vulnerability to cavitation. The 

present work suggests that the application of Si can induce 

drought tolerance in chestnut plants, meaning that Si can be used 

as a potential source to impart abiotic stress tolerance. 
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Ecophysiological study of SiK® impact on Castanea sativa Mill. 

tolerance against drought stress  

 

Andreia Carneiro-Carvalho, Rosário Anjos, José Lousada, Tiago Marques, Teresa Pinto,  

J. Gomes – Laranjo 

 

Abbreviations: Car – carotenoids; Chl – chlorophyll; Chl/Car – chlorophylls to carotenoids ratio;   

Chla/ b – Chl a to Chl b ratio; Chla+b – total chlorophyll; DM – dry mass; E – transpiration rate; gs – stomatal 

conductance; IP – irrigation phase; NIP – non irrigation phase; PN – net photosynthetic rate; PPFD – 

photosynthetic photon flux density; SD – stomatal density; Si – silicon; SiK® - potassium silicate; WUE – 

water-use efficiency (= PN/E). 

 

3.1.1 Introduction 

Climate change induces significant regional variations in weather, while increasing the 

frequency and intensity of extreme values, which impairs crops and reduces their yields, leading 

to major shifts in food production (Rosenzweing et al., 1993). In the Mediterranean Region of 

Europe, the combination of high temperatures and precipitation scarcity during drought periods  

(Lionello et al., 2014) represent important stress factors that limit chestnut fruit development.  

Drought is one of the major constraints limiting crop production worldwide by impairing 

the normal growth, disturbing water relations, and reducing water use efficiency in plants  

(Pimentel, 1993; Farooq et al., 2012). In Portugal, due to the scarcity of precipitation during the 

summer, combined with high evapotranspiration rates, drought periods are frequent and have 

disastrous consequences for agriculture.  

Chestnut (Castanea sativa Mill.) is one of the most important crops in the mountainous 

regions of the North and Centre of Portugal, where 35 000 hectares are estimated to be occupied 

by this crop. The chestnut species is a medium-large warm-temperate deciduous species, which 

likes a mean yearly temperature ranging between 8° and 15°C and monthly mean temperatures 

over 10°C for 6 months (Conedera et al., 2016). This species needs a minimum rainfall ranging 

between 600 and 800 mm, according to its distribution and interaction with temperatures. Due to 

climate constraints, most of the chestnut orchards are facing serious restrictions caused by the 

drought and heat stress during the entire summer. Consequently, tree vigor and health diminish, 

leading to a decrease in the production and quality of the fruit. This is a serious problem that is 
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currently affecting all the Mediterranean countries that are chestnut producers (Krebs et al., 2004;  

Mellano et al., 2012).  

Adequate tree water level is extremely important to allow for a stabilization of production 

that is more independent from the summer rainfall, since it could influence fruit setting, fruit size 

and biochemical composition (Aguiar, 2009; Mota et al., 2018). For the typical Portuguese 

edaphoclimatic conditions, these authors estimated a need for around 400 mm of water during the 

summer (between flowering and fruit fall), which should be compensated by rainfall or irrigation. 

These authors reported a harvest reduction of around 50% whenever rainfall or irrigation during 

that period was absent to help reach this ideal water amount. For these reasons, changes in the 

frequency and severity of droughts could require an innovative management approach to save 

trees against water stress damages. 

Silicon (Si) has a vital role for agriculture, providing many benefits to the plants through 

biochemical and physiological processes, by promoting a decrease in environmental stresses. 

Furthermore, Si is considered by many authors as an anti-stress agent that can reduce 

transpiration, cell membrane damage and increase leaf relative water content in the plants  

(Mauad et al., 2016). Many studies show that Si application in crops under water stress also 

enhances the activity of antioxidant enzymes and the levels of ascorbic acid and glutathione by 

improving the capacity of water absorption and, consequently, the root hydraulic conductance 

(Shi et al., 2016). In addition, Si-mediated antioxidant defence increases the photosynthesis 

activity and has an important role in keeping the mineral balance in plants through the Si mitigated 

soil nutrient depletion, increasing their fertility (Afef et al., 2016). Preliminary studies on chestnut 

plants (Zhang et al., 2013) suggest that Si can improve chestnut photosynthesis and growth, 

inducing loss of water more quickly, thus making it more susceptible to water stress, but it can 

also increase their heat stress tolerance. 

The main aim of the present research was to evaluate the effect of SiK® fertilization on the 

improvement of drought stress tolerance in chestnuts plants (Castanea sativa Mill.) through an 

ecophysiological study. 

 

3.1.2 Material and methods 

3.1.2.1 Experimental design and treatments 

The experimental design was performed at the University of Trás-os-Montes and 

Alto Douro, Vila Real, Portugal (41° 17’ 20’’ N, 7° 44’ 0’’ W). Chestnut seedlings from 

the Sousã variety were planted in pots filled with 2,5 kg of soil mixture, containing 70% 



97 

 

turf and 30% perlite at a ratio of 3:1 (v/v). The pots were arbitrarily distributed into four 

groups, with thirty replications carried out per group, and maintained in the field with an 

automatic irrigation system. 

The chestnut plants were fertilized with increasing concentrations of potassium 

silicate (SiK®) (0, 5, 7.5 and 10 mM SiK®) in two ways, directly in the soil (50 mL) and 

on the leaves (30 mL) by foliar application. In the present study, the plants were submitted 

to annual SiK® applications between 2014 and 2016. The concentrations of SiK® were 

selected through the results obtained in the previous study of chestnut plants published 

by Zhang et al. (2013). 

All the plants were submitted to a first phase without irrigation (NIP) to induce 

water stress in the plants. When the first plants reached their threshold of water potential 

-2.0 MPa, the irrigation was opened (second phase – IP). A drip system (4L/drip/plant) 

was installed to ensure the irrigation. During the irrigation phase, irrigation was carried 

out on a daily basis, with a 15-minute duration. 

Leaf samples were collected after the exposure to water stress, in the non-irrigation 

phase (NIP) and after the irrigation phase (IP), when plants reached the highest water 

potential. 

 

3.1.2.2 Determination of Si concentration in leaf tissue 

The content of Si was analysed according to the method described by Korndörfer 

et al. (2004), through colorimetric analysis of the alkaline digestion of 0.1 g of dry leaf 

tissue. Leaf silicon determination was carried out twice, in the end of the NIP and during 

the IP. The measurement was replicated 3 times per treatment (n = 3). 

Leaf samples were collected after the exposure to water stress, in the non-irrigation 

phase (NIP) and after the irrigation phase (IP), when plants reached the highest water 

potential. 

 

3.1.2.3 Water potential (Ψw) and relative water content (RWC) measurements 

Five leaves from each treatment were used to measure stem water potential (Ψw) 

with a Scholander pressure chamber (PMS Instrument Company, Albany, USA). The 
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leaves were previously covered with a reflective plastic bag for 10 minutes to promote 

the balance between leaf water tension and the stem water tension. After that, the leaves 

were placed in a pre-weighed airtight vial to determine the relative water content (RWC). 

In the laboratory, the vials were firstly weighed (to determine fresh mass), then they were 

opened and filled with demineralized water and kept in the dark at 4 °C for 24 h to 

determine the turgid mass (TM). After that, the leaves were dried at 60 °C for 48h to 

obtain the dry mass (DM). The RWC was calculated according to Salisbury and Ross 

(1969). These measurements of Ψw were carried out between 10:00 and 12:00.  

Leaf samples were collected for the measurements at 0, 4, 6 and 12 days in the NIP 

and again at 13, 15, 17, 10, 26 and 34 days in the IP to assess their ability to recover from 

stress in 2015. In 2016, leaf samples were collected for the measurements at 0, 4, 7 and 

12 days in the NIP and at 13, 16, 20, 24, 27, 31 and 34 days in the IP to assess their ability 

to recover from the stress. 

 

3.1.2.4 Leaf stomatal density 

The imprints on the epidermis of chestnut leaves were made to determine leaf 

stomatal density, which was expressed as the number of stomata per unit leaf area, 

according to Xu and Zou (2008). The abaxial epidermis of the fresh leaves was cleaned 

and brushed with collodion in the mid-area between the central vein and the leaf. After 

15 min, the pellicle was carefully removed from the leaf surface and mounted on a 

microscope slide with water. The observations of the imprints were made using an 

Olympus IX 51 inverted microscopy (Olympus optical Co., GmbH, Hamburg, Germany), 

connected to a camera Olympus BX50. Leaf samples were collected in the end of the 

study and three replications were carried out per treatment, with two quantifications per 

sample. 

 

3.1.2.5 Xylem Anatomy  

Measurements were carried out according to Twumasi et al. (2005), with minor 

modifications. A cross section with 2 cm was cut from the middle of the lowest internode 

of each stem sample. Then, stem cross-sections with 20 µm were made in the microtome. 

The samples were placed on glass microscope slides, with a mixture of alcohol-glycerol 
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(86%). The stem samples from the chestnut plants were collected in the end of the study 

and three replications per plant were made for analysis. 

The digital images of the stem sections were made using Marlin F-145 3 camera 

with the Nikon SMZ 10 magnifying glass: whole cross sections magnification 20x. The 

area, diameter and number of xylem vessels were calculated from previous images, using 

a 2 mm2 or 3 mm2 square, depending on the size of the stem, to measure the xylem vessels 

in four different quadrants of the stem. The measurements were carried out using the AVT 

Smart View 7.2 and Image Pro Plus 6.2, for the image treatment. The number, diameter 

and area of xylem vessels were measured.  

The variation of efficiency and susceptibility to damage caused by the vessel 

diameter was estimated indirectly by the relative hydraulic conductivity (RC) and the 

vulnerability to cavitation, according to the equations of Gutiérrez et al. (2009). The RC 

and vulnerability were estimated in each plant species as: 

RC= r4VF 

Vulnerability = VD/VF 

where, r is the vessel diameter, VF is vessel frequency in a square mm and VD is 

the vessel diameter in a square mm. 

 

3.1.2.6 Gas exchange measurements 

The gas exchange parameters, net photosynthetic rate (PN), transpiration rate (E) 

and stomatal conductance (gs) of expanded leaves were evaluated with a portable gas 

exchange system (IRGA, mod. LCpro+, Analytical Development Co®, Hoddesdon, 

United Kingdom). The water use efficiency (WUE) was determined by the ratio PN/E, 

according to Zhang et al. (2013). The measurements were made between 10:00 and 12:00, 

with a photosynthetic photon flux density (PPFD) of 1,600 µmol(photon) m-2 s-1. The 

results corresponded to a replication of 12 times per treatment (n = 12). 
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3.1.2.7 Photosynthetic pigments analysis 

The photosynthetic pigments were determined using four discs (8mm) from each 

leaf (n = 5). The extraction was done with 80% acetone (v/v), according to the method 

developed by Sesták et al. (1971) and Lichtenthaler (1987). 

Leaf samples were collected after the exposure to water stress, in the NIP and after 

the IP, when plants reached their highest water potential. 

 

3.1.2.8 Statistical analysis 

All the data were subjected to statistical analysis using Statview ( BrainPower 

Inc.,  California) and Statistic 8.0 (StatSoft Europe, Germany). ANOVA was also 

performed among the data treatments, using the Tukey test (P≤0.05) 

 

3.1.3 Results  

3.1.3.1 Determination of Si concentration in leaf tissue 

Table 3.1.1 presents the Si content in chestnut leaves from 0, 5, 7.5 and 10 mM 

SiK® plants. The determinations were carried out in the end of each phase. In the end of 

the NIP, data show an increase in the Si content from control plants (0 mM SiK®), 

compared to Si-treated plants (10 mM SiK®), from 1.79 to 3.17 mg Si g-1 representing an 

increase of 77% (Tab. 3.1.1) in 2015. In the NIP block an increase of about 504% was 

observed from the control (0 mM SiK®) to the Si- fertilized plants (10 mM SiK®) in 2016. 

Similar results were observed in the IP phase, with a higher Si content observed in 5, 7.5 

and 10 mM SiK®, 1.97, 2.75 and 3.34 mg Si g-1. Moreover, the results indicate that there 

was a significant increase in the Si content in the NIP from 2015, 3.17 mg Si g-1 (10 mM 

SiK®) to 5.44 mg Si g-1 (2016, 10 mM SiK®). Similar results were observed in the IP 

phase, from 3.34 to 5.03 mg Si g-1, representing an increase of about 51%, suggesting that 

annual Si applications can increase their accumulation in plant tissues.  Contrarily, Si 

content diminished in the control plants, being higher in the NIP, 1.79 mg Si g-1 than in 

the IP treatment, 1.60 mg Si g-1.  

https://en.wikipedia.org/w/index.php?title=BrainPower_Inc&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=BrainPower_Inc&action=edit&redlink=1
https://en.wikipedia.org/wiki/California
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The results presented in Tab. 3.1.1 also show that the Si content in chestnut plants increase 

proportionality to the concentration of SiK® applied, demonstrating that the chestnut species is a 

siliceous species that can accumulate Si inside the vegetal tissues, as also indicated by  

Carneiro-Carvalho et al. (2017). 

 

Tab. 3.1.1 – The Si content (mg Si g-1) in chestnut leaves from plants treated with different concentration of Si  

(0 mM, 5 mM, 7.5 mM and 10 mM SiK®) and exposed to a non-irrigation phase (NIP) and an irrigation phase (IP), 

with three replications per treatment (n = 3).  

 
 2015 2016 

Treatment NIP IP NIP IP 

 0 mM SiK® 1.79 bA 1.60 bA 0.90 cA 0.67 cA 

 5 mM SiK® 3.06 aA 1.97 bB 3.45 bA 3.10 bA 

7.5 mM SiK® 3.79 aA 2.75 aA 4.89 aA 4.50 aA 

10 mM SiK® 3.17 aA 3.34 aA 5.44 aA 5.03 aA 

Different uppercase letters indicate significant differences between treatments and lowercase letters indicate 

significant differences between the same treatment at different water availability (NIP/IP), according to the Tukey test 

(P≤0.05).  

 

3.1.3.2 Survival rate of chestnut plants under drought stress 

After two years of assays, significant differences were observed between Si-treated 

plants and untreated plants. Data showed that 5, 7.5 and 10 mM SiK®-treated plants 

recorded a 100% survival rate, while for the control treatment only 30% survived after 

two years of the assay being exposed to the NIP (Figure 3.1.1).  

 

Fig. 3.1.1 – Effect of Si-fertilization (0mM, 5 mM, 7.5 mM and 10 mM SiK®) on the survival rate of chestnut plants 

after two years of the assay.  

0

20

40

60

80

100

120

0 5 7.5 10

P
la

n
ts

 (
%

)

SiK® (mM)



102 

 

3.1.3.3 Water relations parameters: water potential (Ψw) and relative water content 

(RWC) measurements 

In the beginning of the study (0 days), a significant difference in Ψw was observed 

between the control and the Si-treated plants. Analyzing the NIP, the results indicate that 

the threshold Ψw -2.0 MPa was first reached on the control plants (0 mM SiK®) in both 

years on the 12th day after irrigation was stopped, while on Si-treated plants (10 mM 

SiK®), they recorded only Ψw -1.5 MPa (Fig. 3.1.2 A,B), with the exception of the 5mM 

SiK® treatment on the 2nd year when the plants reached Ψw -1.7 MPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1.2 – Variation in the water potential (w) of chestnut plants in 2015 (A) and 2016 (B), in response to different 

SiK® concentrations (0 mM, 5 mM, 7.5 mM and 10mM SiK®) in the non-irrigation phase (NIP) and the irrigation phase 

(IP), according to average temperature in Vila Real (ºC). Each value is the mean ± SE of 3 replicates (n = 3). 
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Concerning the second phase, called the recovery phase (IP), due to the 

reintroduction of irrigation, the recovery pattern was faster in 2015 than in 2016. The 

results also suggest a major difference in the time needed to recover from the NIP between 

the Si-treated (10 mM SiK®) and the control plants (0 mM SiK®), being it faster for the 

first ones. As shown in Fig. 3.1.3A, the Si-treated plants needed 1 day in 2015 for the 

chestnut plants to recover from the water stress, while in 2016 they needed 7 days. The 

control plants didn't recover from the drought, with the values recorded in the end of the 

experiment not reaching the initial Ψw values (Fig. 3.1.2 A,B), staying around -0.8 MPa 

(higher than that verified in the beginning) in Si-treated plants (10 mM SiK®) and -1.3 

MPa in the control plants (0 mM SiK®).  

 

 

Fig. 3.1.3 – Effect of SiK® fertilization (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on relative water content 

(RWC) in the non-irrigation phase (NIP) and the irrigation phase (IP) in 2015 (A) and 2016 (B) 

measurements. Each value is the mean ± SE of 3 replicates per treatment (n = 3). 
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The variation pattern of the relative water content (Fig. 3.1.3) was quite similar to 

that observed for Ψw (Fig. 3.1.2). In the first phase (NIP), the relative water content 

(RWC) in  non-treated plants (0 mM SiK®) decreased from 71.2 to 21.1% (Fig. 3.1.3A), 

about 242% in 2015, and 475%  in 2016, from 73% to 12.7% (Fig. 3B) between 0 and 12 

days after the water deficit, while in Si-treated plants (10 mM SiK®) it decreased only 

14%  in 2015 (Fig. 3.1.3A) and 22% in 2016 (Fig. 3.1.3B).  

Analyzing the IP, a complete recovery was observed in all treatments in both years 

(Fig. 3.1.3). Although in the end of the study, the RWC of control plants (0 mM SiK®) 

was lower than that observed for other plants. Nevertheless, the time needed to reach the 

normal RWC was very quick for Si-treated plants (1 day), while for control plants (0 mM 

SiK®) it was 16 days (2015 Fig. 3.1.3A) and 18 days (2016, Fig. 3.1.3B). Furthermore, 

the 5 mM SiK® treated plants showed a lower RWC in the end of the NIP in 2016 (Fig. 

3.1.3B) compared to other treated plants. When comparing the NIP and the IP, Fig. 3 

shows that Si fertilization helps preserve the RWC between 60-80% in the NIP, while in 

the control treatment (0 mM SiK®) plants reached critical values of 21% and 12%. This 

pattern is coherent with lower values of Ψw verified for the same plants  

(Fig. 3.1.2). Apparently, the induced stress in the first phase increased the capacity of Si-

treated plants to absorb water when available. 

3.1.3.4 Stomatal density 

Stomatal density (SD) was examined only in the end of the study in 2016. Data 

show significant differences in stomatal density (SD) between the Si-treated plants and 

the control plants (Figs. 3.1.4 and 3.1.5). The observation of the epidermis from the 

abaxial leaf page (Fig. 3.1.4) suggests that Si-treated plants present lower SD 

comparatively to Si-absent plants.  

 

 

 

 

 

Fig.  3.1.4 –The epidermis of chestnut plants treated without (A. 0 mM SiK®) and with Si (B. 10 mM SiK®) exhibit 

differences in stomatal density. The bars represent 200µm.  

A

) 

B
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The results indicated that the increase in SiK® concentration induced a significant  

(P ≤ 0.05) reduction in SD, 256.5, 220.4 and 201.8 nº/mm-2 (Fig. 3.1.5), for 5, 7.5 and 10 

mM SiK® treatments, respectively, while the control plants (0 mM SiK®) showed 292.9 

nº/mm-2 (Fig. 3.1.5), representing a drop of 45% between 0 and 10 mM SiK® chestnut 

plants. 

 

 

 

Figure 3.1.5 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on stomata density 

of chestnut plants. Different lowercase letters indicate significant differences between treatments according 

to the Tukey test (P≤0.05) (n = 4). 

 

3.1.3.5 Xylem anatomy 

The microscopic images (Fig. 3.1.6) indicate an increase in the diameter and 

frequency of xylem vessels on Si-treated plants.  

 

 

 

 

 

 

 

 

Fig. 3.1.6 – Patterns of secondary xylem of chestnut plants fertilized with 0 mM (a), 5 mM (b), 7.5 mM (c) and 10 mM 

SiK® (d) at the end of the study. Scale 100 µm. 
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The untreated plants (0 mM SiK®) present the lowest xylem area, 20.0 mm2 , while 

Si-treated plants recorded an increase in this parameter proportional to the increase of Si 

concentrations applied to chestnut plants, 25.4, 26.1 and 29.9 mm2 (Tab. 3.1.2) on 5 mM, 

7.5 mM and 10 mM SiK®, indicating that Si fertilization significantly increased the xylem 

area by 27% (5 mM SiK®), 31% (7.5 mM SiK®) and 50% (10 mM SiK®), when compared 

with the control treatment (0 mM SiK®) (Tab. 3.1.2). As shown in Tab. 3.1.2, the results 

of the stem area in Si-treated plants were higher than in the control plants. 

 

Tab. 3.1.2 – The effect of the application of different concentrations of Si (0, 5, 7.5 and 10 mM SiK®) on the xylem 

area  (mm2), vessel frequency (VF, nº per mm2), vessel diameter (VD, µm), vessel area (µm2), vulnerability to cavitation 

of the xylem vessel (µm/ mm2) and relative hydraulic conductivity (RC, µm/ mm2). 

 

Treatment  

(mM) 
Xylem Area 

(mm2) 

VF 

(nº/mm2) 

VD 

(µm) 

VA 

(µm2) 

Vulnerability 

(µm/mm2) 

RC 

(µm/mm2) 

0 20.0 c 53.2 d 33.7 a 1005.5 a 0.244 a 4.0  c 

5 25.4 b 66.1 c 30.2 b 965.2 b 0.173 b 4.5 b 

7.5 26.1 b 73.7 b 28.0 c 880.7 c 0.165 b 4.7 b 

10 29.9 a 81.3 a 28.5 c 799.3 d 0.141 b 5.8 a 

* Different letter indicates significant difference according to the Tukey test (P≤0.05) 

 

The vessel frequency (VF) is significantly higher in Si-fertilized plants than in Si-

free plants, showing an enhancement of 53% between 0 mM and 10 mM SiK® treatments 

(Tab. 3.1.2). Plants from 7.5 mM and 10 mM SiK® treatments showed lower diameter 

(VD) values for the xylem vessels, 28.0 and 28.5 µm, respectively, comparatively to the 

control treatment (0 mM SiK®), 33.7 µm. Relativity to the vessel area (VA), the Si-treated 

plants recorded lower values in this parameter 799.3 µm2 (10 mM SiK®) than control 

plants, 1005.5 µm2 (0 mM SiK®), with a reduction of about 26% (Tab. 3.1.2). 

This vulnerability indicates susceptibility to cavitation in the water column and the 

RC indicated the efficiency of xylem vessels for conducting water. Relatively to the 

vulnerability parameter, data showed a reduction of about 73% between 10 mM SiK®-

fertilized plants and Si-deprived plants (0 mM SiK®). Data are in coherence with the 

higher values of RC achieved in Si-treated plants, 5.8 µm/ mm2 (10 mM SiK®, Tab. 3.1.2) 

while the untreated plants (0 mM SiK®) recorded the lowest value, 4.0 µm/ mm2 (0 mM 

SiK®, Tab. 3.1.2), representing an improvement of 45% in this parameter. The results 

suggest that Si promotes an efficient water flux inside xylem vessels under drought 

conditions.  
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3.1.3.6 Gas exchanges measurements 

Figure 3.1.7 shows the effect of Si fertilization on gas exchange parameters for the 

IP and the NIP in 2015 and in 2016. The NIP was evaluated along 12 days for both years, 

while the IP was measured between the 13th and 32th day in 2015 and between the 13th 

and 20th day in 2016. The gas exchange measurements varied significantly, depending on 

the absence/ the presence of drought and with the Si concentration applied to the plants 

(Fig. 3.1.7). In relation to the net photosynthetic rate (PN), the untreated plants (0 mM 

SiK®) showed a significant decrease of this parameter of about 40% (2015) and 73% 

(2016) between 0 and 12th day. In contrast, the Si-supplied plants showed the highest 

values of PN with a slight decrease of 11% (2015, Fig. 3.1.7A) and 22% (2016, Fig. 

3.1.7E) in 10 mM SiK® treatment. 

In the end of the NIP, plants reached the minimum value of Ψw, PN was 1.71 µmol 

m-2 s-1 (2015, Fig. 3.1.7A) and 2.11 µmol m-2 s-1 (2016, Fig. 3.1.7E) in control plants (0 

mM SiK®), whereas in 10 mM Si-treated plants, PN was 3.21 µmol m-2 s-1 (2015, Fig. 

3.1.7A) and 3.47 µmol m-2 s-1 (2016, Fig. 3.1.7E), thus 89% (2015, Fig. 3.1.7A) and 65% 

(2016, Fig. 3.1.7E) higher than in the control (0 mM SiK®) treatment.  

Relatively to the IP a gradual increase of PN from the 13th day was observed on Si-

treated plants, recording higher values in the end of the study, compared to the initial 

ones. The rate of PN was 4.680 µmol m-2 s-1 (2015, Fig. 3.1.7A) and  5.35 µmol m-2 s-

1(2016, Fig. 3.1.7E), on 10 mM SiK® treatment, while for the control plants (0 mM SiK®) 

it was 3.21 µmol m-2 s-1 (Fig. 3.1.7A)  and 3.39 µmol m-2 s-1 (Fig. 3.1.7E) in 2015 and 

2016, respectively.  

In terms of the transpiration rate (E, Fig. 3.1.7B) and the stomatal conductance (gs, 

Fig. 3.1.7C) during the NIP a significant increase of about 56% was observed in Si-absent 

plants (0 mM SiK®) and an 104.7% increase on E and gs between 0 and 12th day (maximal 

water stress) in 2015. However, during the IP all treatments showed similar patterns of 

recovery. Regarding the results of the year 2016, a similar tendency was observed, with 

non-Si-treated plants (0 mM SiK®) exhibiting an increase of about 89% and 68%, on E 

and gs, respectively. Therefore, Si application in chestnut trees limited the increase of E 

and gs rates, being the RWC (Fig. 3.1.3A) strikingly higher at about 65.6%. (10 mM SiK®, 

2015) than that recorded for non-treated plants (21.1%, 2015) (0 mM SiK®). One 
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explanation for this data may be the fact that the root system of Si-fertilized plants have 

continued the water absorption, which is very important to allow the continuous water 

transport all over the plant under drought conditions, promoting more tolerance to the 

dehydration of the cellular compounds,  contrarily to non Si-supplied plants (Ahmed et 

al., 2013).  

A significant reduction in E (25%, Fig. 3.1.7B) and gs (34%, Fig. 3.1.7C) was 

observed in the IP when the Si concentration increased (0 to 10 mM SiK®), on the 32th 

day in 2015. Consistently, in 2016, at the end of the assay, non Si-treated plants showed 

the highest measurements of E (1.030 mmol(H2O) m-2 s-1, Fig. 3.1.7F) and gs  

(55 mol(H2O) m-2 s-1, Fig. 3.1.7G), than Si-treated plants (10 mM SiK®). 

In the current work, the water use efficiency (WUE) of NIP (Fig. 3.1.7D and 

3.1.7H) showed that Si-treated plants suffered a remarkable reduction of about 60% 

(2015) and 80% (2016) in 12 days, mainly due to the increase of E (Fig. 3.1.7B and 

3.1.7F) and gs (Fig. 3.1.7C and 3.1.7G), which is therefore responsible for losing a large 

amount of water. In contrast, the Si-fertilized plants presented higher values of WUE 

because they used  the water they absorbed through the roots more efficiently, so that 

even under drought conditions they still kept much of the water, which was the main 

reason for the silicon-induced lower values of E and gs. In addition, there were no 

significant changes in WUE between 0 and the 12th day of water stress.  
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Fig. 3.1.7 – Gas exchange measurements of 2015 (A, B, C and D) and 2016 (E, F, G and H): net photosynthetic rate, PN, [µmol m-2 s-1], (A →2015, E→2016), transpiration rate, E [mmol(H2O) 

m-2 s-1], (B→2015, F→2016), stomatal conductance, gs [mol(H2O) m-2 s-1] (C→2015, G→2016) and water use efficiency, WUE [mol(CO2) mol(H2O)-1]  

(D →2015, H→2016) in NIP and IP for chestnut plants fertilized with 0, 5, 7.5 and 10 mM SiK®. Data are the mean of six replicates per treatment (n=6) and the vertical bars represent the standard 

errors (SE) (n = 12)

2016 
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Comparing the NIP with the IP (Fig. 3.1.7D and 3.1.7H), Si-application caused a 

significant decrease in water loss and an increase of the WUE in plants, by the increase 

in PN and the reduction in E. Besides that, Si helps to keep the WUE, as the Si 

concentration increases (0 to 10 mM SiK®) from 2.67 to 5.80 mol(CO2) mol(H2O)-1, 

118% more (Fig. 3.1.7D) in 2015 and an increase of about 341% (Fig. 3.1.7H) in 2016.  

The results of the ANOVA test in the gas exchange measurements for PN, E, gs and 

WUE from the results of 2015 and 2016 assays are shown in Tab. 3.1.3. According to 

that, the treatment was the main influencer factor since the variation in PN, E and WUE 

is explained by it about 82.54%, 38.85% and 65.11%, respectively (Tab. 3.1.3), whereas 

for gs the main influencer factor is the phase (NIP or IP), 37.87% in 2015. Similar results 

were observed in 2016, the PN, E and WUE presented 56.23%, 54.71% and 51.21%, 

respectively influenced by the Si treatment applied, while the gs was significantly 

influenced by the present/absence of irrigation, 60.52%. 
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Tab. 3.1.3 – Analysis of variance for the effect of different treatments (0, 5, 7.5 and 10 mM SiK®) on the parameters of gas exchange in chestnut: net photosynthetic rate (PN) 

transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) correspond to results from 2015 and 2016 assays, (n = 12). 

 2015 2016 

  PN   E   gs   WUE PN   E   gs   WUE 

Variaction factor (P)    Var(%)  (P)    Var(%)  (P)    Var(%)  (P)    Var(%) (P)    Var(%)  (P)    Var(%)  (P)    Var(%)  (P)    Var(%) 

Treat. *** 82.54  *** 38.85  ** 26.77  *** 65.11 *** 56.23  *** 54.71  *** 27.46  *** 51.21 

NIP/IP ** 11.70  ** 17.80  *** 37.87  *** 20.57 *** 21.75  *** 32.76  *** 60.52  *** 39.53 

Treat.*NIP/IP n.s. 0.005  ** 16.91  ** 12.73  n.s. 0.962 n.s. 0.666  n.s. 4.02  n.s. 2.36  n.s. 0.046 

Res.   5.76     26.44     22.63     13.36   21.36     8.51     9.66     9.22 

 

*** P≤0.001, ** P≤0.01, * P≤0.05, ns: non-significant, according to ANOVA test. 
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3.1.3.7 Foliar metabolites 

As shown in Tab. 3.1.4,  in the end of the NIP, the Chla+b content was significantly 

higher in Si-treated plants,  variying between 25.6 mg g-1 DM-1 (5 mM SiK®) and  

32.0 mg g-1 DM-1(10 mM SiK®), while the control plants (0 mM SiK®) recorded only 

20.4 mg g-1 DM-1 , representing an increase of about 57% between 0 and 10 mM SiK® 

treatment. Similar results were observed in 2016, when the Si-treated plants showed an 

increase in the Chla+b content, from 20.0 mg g-1 DM-1 (0 mM SiK®) to  

33.8 mg g-1 DM-1(10 mM SiK®), more than 69% after exposure to water deficit. Data 

presented in Table 3.1.4 suggests that the Si application in chestnut plants alleviates the 

negative effects of drought stress on the photosynthetic pigments, allowing for the highest 

Chla/b and Chla+b contents (Tab. 4 and 5) comparatively to control plants. These results 

are correlated with higher PN values recorded in Si-treated plants (Fig. 3.1.3A) in the NIP. 

 

Tab. 3.1.4 – Effect of SiK® fertilization on photosynthetic pigment content (Chla+b, Car., Chla/b, Chl/ Car) of chestnut 

plants in the non-irrigation phase (NIP) and in the irrigation phase (IP). These results refer to the 2015 assay and data 

are the mean of six replicates per treatment (n =6 ). 

  
 

   

Time 
Treatment 

(mM SiK®) 

Chl a+b            

(mg g-1 DM-1) 

Car.               

(mg g-1 DM-1) 
Chl a/ b     Chl/Car.  

NIP 

0 20.4 dB 3.02 cB  3.47 aA  8.43 aA 

5 25.6 cB 3.71 bA  2.54 bB  6.90 bB 

7.5 29.8 bB 4.48 aA  2.33 bA  6.65 bA 

10 32.0 aA 4.73 aA  4.32 aA  6.76 bA 

IP 

0 23.5 Ca 2.91 cA  3.28 aA  8.07 aB 

5 28.2 bA 3.98 bA  3.05 bA  7.01 bA 

7.5 31.3 bA 4.59 aA  2.73 cA  6.80 bA 

10 33.4 aA 4.85 aA  3.56 aB  6.88 bA 

Variation factor 
 

   

Treat. 94.7 51.0 53.2 23.8 

NIP/IP 1.30 25.0 25.8 37.8 

Treat.*NIP/IP 0.360 7.59 12.6 0.600 

Residual 3.64 16.4 8.30 37.9 

  
 

   

Different uppercase letters indicate significant differences between treatments and lowercase letters indicate 

significant differences between the same treatment at different water availability (NIP/IP,) according to the Tukey test 

(P≤0.05).  Data includes the means of five replicates. 

ns, not significant at P ≤ 0.05; *significant at P <0.05; **significant at P ≤ 0.01. 
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Concerning carotenoids (Car), the results indicate that Si fertilization promotes the 

Car production in the end of the NIP, 57% more content (10 mM SiK®) than in the 

untreated plants (0 mM SiK®) in 2015 (Tab. 3.1.4). The results obtained in 2016, show a 

similar tendency under water deficit, Si-treated plants (10 mM SiK®) recorded an increase 

of about 55% in Car content comparatively to the control plants (0 mM SiK®) (Tab. 3.1.5). 

Consequently, Chl/Car was lower in Si-treated plants than in the untreated plants in NIP 

and IP in 2015 (Tab. 3.1.4) and 2016 (Tab. 3.1.5).  

 

Tab. 3.1.5 – Effect of SiK® fertilization on the photosynthetic pigment content (Chla+b, Car., Chla/b, Chl/ Car) of 

chestnut plants in the non-irrigation phase (NIP) and in the irrigation phase (IP). These results refer to the 2016 assay 

and the data are the mean of six replicates per treatment (n = 6). 

  
 

   
Treatment 

(mM 

SiK®) 
Time 

Chl a+b                     

(mg g-1 DM-1) 

Car.                 

(mg g-1 DM-1) 
Chl a/ b     Chl/Car 

0 

NIP 

20.0 aA 2.2 cA  1.18 bA   7.27 aB  

5 27.8 bB 3.5 bA  2.59 aA   7.94 aA  

7.5 29.1 aB 4.7 aA  2.76 aA   6.19 bA  

10 33.8 aB 4.9 aA  2.95 aA   6.90 bA  

0 

IP 

22.0 cB 2.5 cB  1.85 bA   8.80 aA  

5 26.1 bA 3.9 bA  2.90 aA   6.69 bB  

7.5 31.8 aA 5.2 aB  3.21 aA   6.12 bA  

10 35.4 aA 5.7 aB  3.68 aA   6.21 bA  

Variation factor 
 

   

Treat. 66.3 6.1 31.2 80.7 

NIP/IP 28.70 63.0 14.4 0.004 

Treat.*NIP/IP 0.001 1.23 0.689 19.30 

Residual 5.07 29.7 53.8 0.017 

Different uppercase letters indicate significant differences between treatments and lowercase letters indicate 

significant differences between the same treatment at different water availability (NIP/IP) according to the Tukey’ test 

(P≤0.05).  Data include the means of five replicates. 

ns, not significant at P ≤ 0.05; *significant at P <0.05; **significant at P ≤ 0.01. 

 

Regarding the Chla/ b ratio in the NIP, the 10 mM SiK®-fertilized plants present a 

higher content, 4.32 mg g-1 DM-1 than the control plants, 3.47 (0 mM SiK®) in 2015 (Tab. 

3.1.4), leading to a higher increase in 2016, from 1.18 to 2.95, between  0 and 10 mM 

SiK® treatments, 150% more (Tab. 3.1.5). Analyzing the results obtained in the IP, no 

significant differences were observed in 2015 and in 2016 
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3.1.4 Discussion 

Several reports have shown that silicon application contributes to the increase of 

drought resistance in plants (Shi et al., 2016; Zanneti et al., 2016). However, the 

information about the effect of silicon in chestnuts in terms of water stress is very scarce. 

On treated plants, Si accumulation was observed in the leaf tissues (Tab. 3.1.1), 

creating a double layer of silica that has an important role  in reducing the permeability 

to water vapor, reducing cuticle transpiration, limiting the loss of water and thus 

promoting higher Ψw in chestnut plants. Previous results verified that Si is deposited in 

the xylem vessels and prevents the collapse of the vessels under high transpiration due to 

drought, resulting in an increase in the water use efficiency of the plant (Zhu et al., 2005). 

These results are in agreement with the findings of Gao et al. (2004) and  

Kaya et al. (2006) in maize plants, where high accumulation of Si content on water 

stressed leaves may be attributed to its transport in xylem vessels as a silicic acid from 

the roots to aerial plant tissues, where it is polymerized as a silica. Under drought 

conditions, Si-treated plants (10 mM SiK®) showed higher Ψw (Fig. 3.1.2) and RWC 

(Fig. 3.1.3) than control plants (0 mM SiK®), indicating that Si can alleviate drought 

stress, enhancing the water retention in stressed plants, thus allowing the plants to use the 

available water for their physiological and metabolic needs in a much more effective way 

(Figs. 3.1.2, 3.1.3, 3.1.7D, 3.1.7H). Zhang et al. (2013) also verified similar pattern in 

young Si treated chestnuts.  

When comparing SiK® treatments, their behaviour was quite similar, despite the 

5mM SiK® plant capacity to preserve Ψw in the NIP (Fig. 3.1.2). These results are 

consistent with the higher vulnerability to cavitation (Tab. 3.1.2, Fig. 3.1.6) recorded for 

non-treated plants (0 mM SiK®), indicating that the drought can easily induce xylem 

cavitation, contrarily to Si-treated plants. These results reveal the importance of silicon 

in promoting the maintenance of higher Ψw values (Fig. 3.1.2), avoiding the cavitation in 

xylem (Tab, Fig. 3.1.6) and consequently increasing the tolerance to drought as described 

by Ahmed et al. (2011) for sorghum plants. This is also coherent with the Ming et al. 

(2012) and Zanetti et al. (2016) results for rice and cacao plants, since they concluded 

that Si application can increase or maintain the Ψw values. Similar results were obtained 

by Kaya et al. (2006), Ahmad and Haddad (2011) and Rubinowska et al. (2014) in  

Si-fertilized corn, wheat and solomon’s seal, where under water deficit it influences 
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osmoregulation and decreases water loss during the transpiration process, which increases 

the RWC value.  

The information concerning the effects of Si on stomatal density in the literature is 

very scarce. The present results indicate that SD may have a higher plasticity as an 

adaptation response to water deficit situations. As shown in Figs. 3.1.4 e 3.1.5 the Si-

treated plants showed a lower SD, reflecting an attempt to use water efficiently under 

water deficit. Data are corroborated by the study of Gong et al. (2005), which explained 

that Si has the ability to decrease transpiration via the cuticle or the stomata, due to their 

involvement in the regulation of the stomatal movement. These findings are also 

reinforced by the studies of Zargar and Agnihotri (2013), Putra et al. (2015) and Zanetti 

et al. (2016) in maize, palm oil and cacao plants, who reported that Si application reduced 

the SD, an important factor to reduce gs which improved the water status in plants under 

drought stress. Many studies have described how a minor SD is associated with the high 

PN and WUE in plants under drought stress conditions, as corroborated by us in our study 

(Fig. 3.1.7) (Wang et al., 2013). Our results indicate that a high SD (Fig. 3.1.5) was 

recorded in Si-treated plants, which can be associated with high values of WUE (Figs. 

3.1.7D and 3.1.7H) in chestnut plants under drought stress, by modifying stomatal 

regulation of the balance between the PN (Fig. 3.1.7A and 3.1.7E) and water loss (Fig. 

3.1.3, 3.1.7). The maintenance of leaf water status suggests that the chestnut has some 

defense mechanisms to maintain cell function when the plant is subjected to water 

stress, as verified by He and Yang (2012) in alfalfa plants. Klooster and  

Palmer-Young (2004) and Rao et al. (2015) explained that a clear adaptation to drought 

is the presence of a low SD in plants, which enhance drought tolerance by saving the 

water availability and reducing water loss in plants. 

Relativity to the xylem studies, data suggests that Si can mitigate the adverse effects 

of drought by increasing the VD of xylem vessels. The control plants (0 mM SiK®) 

induced the lower VF and VD in the NIP under water stress, leading to the reduction in 

the uptake and transport of water by plants under water stress (Tab. 3.1.2). These results 

suggest that Si fertilization in chestnut plants can help the hydraulic balance under water 

stress.  

Si fertilization in chestnut plants promoted a higher VF (Tab. 3.1.2) with lower VD  

(Tab. 3.1.2) and VA (Tab. 3.1.2), contributing to the higher RC (Tab. 3.1.2) and xylem 

diameter (Tab. 2) values and , consequently, lower E (Fig. 3.1.7B, 3.1.7F). These results 
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can be associated with a higher WUE (Fig. 3.1.7D, 3.1.7H), Ψw (Fig. 3.1.2) and RWC 

(Fig. 3.1.3) in Si-treated plants in the NIP. The control plants recorded a lower diameter 

of xylem (Tab. 3.1.2), resulting in a decrease in the uptake and water transpiration, with 

this problem being aggravated in water deficit conditions, leading to cavitation and the 

embolism of xylem vessels, a problem which is very difficult to observe due to the death 

of the plants (Figs. 3.1.1). The lower vulnerability to cavitation recorded by plants treated 

with 7.5 mM and 10 mM SiK® concentrations, are consistent with the lower values of E 

(Fig. 3.1.7B and 3.1.7F) and gs (Fig. 3.1.7C and 3.1.7G), accompanied by a higher PN 

(Fig. 3.1.7A and 3.1.7E) and Ψw (Fig. 3.1.2) in the NIP and the IP, which can be 

explained by the Si application promoting higher VF and VD (Tab. 3.1.2), possibly 

leading to an improvement in the resistance of chestnut plants to water stress.  

VD determined the low or higher RC, with wider vessels transporting a larger 

amount of water more efficiently than narrow vessels, in addition to having a higher 

vulnerability to cavitation resistance (Gutiérrez et al. 2009). In this context, the highest 

concentrations of Si used in the current study (7.5 mM and 10 mM SiK®) lead to higher 

number of vessels with a lower diameter and consequently to higher RC, allowing the 

vessels to transport larger water amounts from roots to leaves than in the control treatment 

(0 mM SiK®) (Tab. 3.1.2) . Similar results were found by Ashraf et al. (2010), who 

reported that the xylem diameter was linearly increased by adding Si to the plants, which 

helped to maintain the structure of xylem vessels under high transpiration rates. These 

findings are also in accordance with the studies of Chen et al. (2016) and Shi et al. (2016) 

in sorghum and tomato plants, who reported that Si improved the hydraulic conductance 

in xylem vessels and consequently the water uptake associated with the water stress 

tolerance.  

Drought stress promoted a higher reduction in PN in control plants (0 mM SiK®) 

than in Si-treated plants (10 mM SiK®), which demonstrated a slight decrease in this gas 

exchange parameter, in proportion to the amount of silicon supplied to chestnuts plants 

(Fig. 3.1.7A and 3.1.7E). Data are corroborated by the studies of Zhang et al. (2013) in 

chestnut plants. These results can be explained by the fact that the presence of Si inside 

the plants promoted a better arrangement of leaves, making them more upright to avoided 

excessive self-shading. This allowed the senescence to be slowed and improved the 

structural rigidity of tissues, thus preventing the degradation of Chla+b (Tabs. 3.1.4 and 

3.1.5). On the other hand, the lower values of PN in untreated plants can be explained by 
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the higher water loss that caused the closing of the stomata (Figs. 3.1.7C and 3.1.7G), 

which consequently decreased the PN (Figs. 3.1.7A and 3.1.7E). This is because the 

stomata aperture is a direct response to the leaf water status as described by Comstock 

(2002). When comparing the NIP and the IP, the results indicate that the Si 

supplementation can limit the impairment of the PN upon the drought stress condition and 

allow the plants a fast recuperation when the water deficit ends. On the other hand, the 

untreated plants with lower values of PN (Fig. 3.1.7A, 3.1.7E) and higher values of E  

(Fig. 3.1.7B, 3.1.7F) and gs (Fig. 3.1.7C, 3.1.7G) didn’t recover completely from this 

abiotic stress, never reaching the PN, E and gs values of Si-treated plants (10 mM SiK®). 

Moreover, untreated plants were the ones that suffered more damage from the insufficient 

soil water to maintain the vital physiological processes of plants, presenting a higher 

reduction of Chl a+b content (Tabs. 3.1.4 and 3.1.5) and a lower survival rate for plants 

under water deficit (Fig. 3.1.1), only 30% in the end of the study. These trends also 

confirm earlier reports that Si fertilization improves the tolerance of plants to drought 

stress (Agarie et al., 1998; Hattori et al., 2005) in rice and sorghum plants. Similar results 

were obtained by Lux et al. (2002) and Gao et al. (2006) in sorghum and maize plants, 

respectively.   

When the comparison between NIP and IP is made, relatively to E and gs (Fig. 

3.1.7) rates, the results suggest that Si fertilization in chestnut plants limits the effect of 

drought, indicating that Si can promote root length, enhancing the area of water 

absorption of the Si-treated  plants. Moreover, data suggest that Si can reduce water loss 

by evapotranspiration through the silicification of the leaf surface and the decrease in the 

diameter of stomatal pores, which is corroborated by a  greater leaf water potential (Ψw, 

Fig. 3.1.2) and RWC (Fig. 3.1.3) in Si-treated plants (10 mM SiK®). The present findings 

confirm the studies of Habibi and Hajiboland (2013) in pistachio plants. Furthermore,  

Si-treated plants showed a tendency for rapid recoveries between the transition of the NIP 

to the IP (between the 12th and 13th day), with a higher decrease in E (Fig. 3.1.7B and 

3.1.7F) and gs (Fig. 3.1.7C and 3.1.7G) than in untreated plants (0 mM SiK®), 

accompanied by an increase in the water holding capacity and enhancing the water 

content of leaves in the silicon-supplied plants (Fig. 3.1.7D and 3.1.7H), followed by a 

stabilization of these parameters until the end of the study. These findings are similar to 

those of Hattori et al. (2005), Gong and Chen (2012), who reported that Si application 

improved the reduction of hydraulic resistance following a high root activity, by 
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promoting better root development, which improved water movement from the 

rhizosphere to the roots, increasing the water status of sorghum and wheat in fields with 

drought conditions. 

Hattori et al. (2005) added that higher silicon deposition in the cell walls of the 

epidermis (prevents excessive water loss through transpiration) and in the xylem vessels 

(prevents compression of the vessels) of sorghum plants. The same authors added that Si 

application can improve the development of the endodermis cells for better root resistance 

to dry soils and  faster root growth to explore a larger volume of soil than non-Si-supplied 

plants. 

Chestnut plants supplied with Si had a significant increase in photosynthetic 

pigments under drought conditions. The present findings are corroborated by Zhang et al. 

(2013), who described how Si application led to higher photosynthetic pigment (Chla/b 

and Chla+b) amount under drought conditions. This happens due to the presence of Si 

inside the plants, promoting the decrease in these metabolites caused by water deficit. In 

this regard, Silva et al. (2012), Asgharipour and Mosapour (2016) found that Si 

fertilization increases the chlorophyll content, reducing the oxidative stress, while 

protecting the cell and the chloroplast membranes, which contribute to the osmotic 

adjustment in tomato and fennel plants.  

 

3.1.5 Conclusions 

Si fertilization promoted a higher tolerance in chestnut plants against water stress 

in the NIP, being the 7.5 and 10 mM SiK® the treatments that demonstrated more 

efficiency in terms of the limits of negative effects of the abiotic stress evaluated. 

The parameters available in 2015 and 2016 indicate a similar tendency in both years 

in Si-treated chestnuts, reinforcing the results presented in this work.  

In conclusion, the use of Si in chestnuts represent an important and beneficial 

alternative for the future by helping the farmers protect their trees from drought stress. 

Consequently, it could improve the yield of this important crop in Europe. 
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Capítulo 3.2 

Keywords: Antioxidant activity; Castanea sativa; drought; lipid peroxidation; oxidative damage, silicon 

and water stress. 

 

 

Silicon, being an essential mineral nutrient, plays a crucial role 

in the metabolic, biochemical and functional mechanisms of 

many crops under environmental stress. 

In the current study, we evaluated the effect of SiK® 

fertilization on the biochemical defense response in plants 

exposed to water stress. Castanea sativa plants were 

exogenously fertilized with different concentrations of 

potassium silicate (0 mM, 5mM, 7.5 mM and 10 mM SiK®) 

and exposed to a non-irrigation phase and an irrigation phase.  

The results indicate that silicon promoted the synthesis of 

soluble proteins, decreased the proline content, as well as the 

oxidative stress (reduced electrolyte leakage, lipid 

peroxidation and hydrogen peroxide accumulation) in tissues, 

due to an increase in ascorbate peroxidase, catalase and 

peroxidase activity, which was accompanied by the rise in total 

phenol compounds and the amount of thiols under drought 

conditions. The silicon-mediated improvement of drought 

tolerance in plants is associated with increased defense 

capability (nonenzymatic and enzymatic antioxidants) which 

play important roles in alleviating the toxicity of reactive 

oxygen species induced by drought, reducing the oxidative 

damage. Plants treated with SiK® showed a rapid recovery 

after exposure to the drought, presenting values equal to or 

higher than those at the beginning of the study, while the 

untreated plants not recover from this abiotic stress. 

This study suggests that exogenous Si applications have a 

protective role in chestnut plants under water stress by 

increasing their tolerance and maintaining the redox status of 

the plants. 
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Biochemical study on the impact of SiK® fertilization in  

Castanea sativa Mill. seedling tolerance against water stress 

 

Andreia Carneiro-Carvalho1*, Rosário Anjos,1, Tiago Marques2, Teresa Pinto1,  

J. Gomes – Laranjo1 

 

Abbreviations: APX – ascorbate peroxidase; BSA – bovine serum albumin; C9H6O4 – acid ninhydrin; 

C2H4O2 – glacial acetic acid; CAT – catalase; Cys – cysteine ; DTNB – 5,5′ dithiobis 2 nitrobenzoic acid; 

EDTA – ethylenediamine tetraacetic acid; ELP – electrolyte leakage; FM – fresh mass; GSH –glutathione; 

H2O2 – water; O2 –oxygen; H2O2 – hydrogen peroxide; IP – irrigation phase; LPO – lipid peroxidation;  

NIP – non irrigation phase; POD – peroxidase; Pro – proline; ROS – reactive oxygen species; Si – silicon;  

SiK® - potassium silicate; SOD – superoxide dismutase; SP – soluble proteins; SS – soluble sugars;  

ST – starch; TL – thiol; TP – total phenol compounds. 

 

3.2.1 Introduction 

Water stress induces physiological and biochemical changes in plants, which can 

affect crop development negatively. The exposure of plants to drought promotes oxidative 

stress, leading to changes in the metabolic activities of carbon and nitrogen, inducing 

abnormal water relations and reducing photosynthetic activity (Bukhari et al., 2015). For 

these reasons, plants promote their defense response by inducing the synthesis of 

antioxidants against the oxidative damage caused by reactive oxygen species (ROS). This 

plant-antioxidant defense system includes a diversity of enzymatic and non-enzymatic 

antioxidants to prevent or alleviate the membrane damage. Catalase (CAT), superoxide 

dismutase (SOD) and peroxidase (POD) are the major antioxidative enzymes that 

efficiently scavenge ROS and protect plant cells from the potential cytotoxic effects 

(Hamid et al., 2012; Bouthour et al., 2016). The mechanisms involved in the plants’ 

tolerance to water stress are: enhancement of the plant’s water status by reducing water 

loss through transpiration, maintenance of membrane stability, regulation of osmotic 

adjustment, elimination of ROS and prevention of oxidative stress  (Ahmad and Haddad, 

2011; Liang et al., 2015).  

Several authors suggest that the Si application in plants induces drought tolerance 

due to their role as a signaling molecule, while also promoting an efficient response to 
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alleviate drought adverse effects. Thus, Si has frequently been linked to the activation of 

the plant defense system (Emam et al., 2012, Sapre et al., 2017). Moreover, Si application 

has also been reported as an essential plant constituent or metabolite involved in the 

improvement of the metabolic, physiological and structural stability of plants (Bukhari et 

al., 2015; Roohizadeh et al., 2015).  

One of the mechanisms responsible for drought tolerance suggested by many 

studies is the strengthening of plants against oxidation of cell membranes, leading to the 

protection of various plant structures and functions subjected to drought conditions (Al-

Mayahi, 2016). Another mechanism is the role of Si in the regulation of osmolytes within 

cells subjected to drought stress. Si may act locally, as a sign of the effects of natural 

defense responses, by stimulating the activity of antioxidant enzymes in plants. Thereby, 

it detoxifies vegetal tissues from the damage caused by ROS, through the activity of 

antioxidant enzymes in plants, leading to an improvement in the tolerance of the plants 

(Al- Mayahi, 2016, Moro et al., 2018).  

Ahmad and Haddad (2011), explain that Si may act to alleviate drought stress by 

improving the plasma membrane, as well as the tonoplast structure and integrity. This 

leads to a reduction in lipid peroxidation. The authors reported that Si increases the 

stability of lipids in cell membranes of wheat plants exposed to drought stress because Si 

acts to prevent the structural and functional deterioration of cell membranes against 

oxidative stress (Ahmad and Haddad, 2011; Kim et al., 2017; Sapre et al., 2017).  

Several studies stated that the Si fertilization significantly increased tolerance 

against water deficit by increasing the Si uptake and improving the activity of ascorbate 

peroxidase (APX), POD and CAT. It contributed to alleviating the adverse effects of 

water stress in rice (Emam et al., 2012), roselle (Ali and Hassan, 2017), tomatoes 

(Malhotra and Kapoor, 2015) and wheat (Bouthour et al., 2016). Moreover, Si application 

can help in the anthesis stage to maintain turgor and better accumulation of nutrients in 

both normal and water stressed plants (Bukhari et al., 2015).  

Putra et al. (2016) added that some types of active antioxidants in plant tissue are 

phenolic compounds, especially non enzymatic antioxidants. The increase in the 

concentration of phenolic compounds as a result of Si application can promote a 

biochemical defense activity in plants under stress conditions (Ali and Hassan, 2017; 

Moro et al., 2018). According to Bukhari et al. (2015), exogenous Si supply improves 

drought tolerance, primarily by taking part in the plant’s metabolism.  
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The aim of the present study was to evaluate the role of SiK® fertilization on the 

biochemical mechanisms defense in chestnut plants (Castanea sativa Mill.) to improve 

water stress tolerance. 

 

3.2.2 Material and methods 

3.2.2.1 Experimental design and treatments 

The experimental design was performed at the University of Trás-os-Montes and 

Alto Douro, Vila Real, Portugal (41° 17’ 20’’ N, 7° 44’ 0’’ W). Chestnut seedlings of the 

Sousã variety were planted in pots filled with 2,5 kg of soil mixture containing 70% turf 

and 30% perlite at a ratio of 3:1 (v/v). The pots were arbitrarily distributed in four groups, 

with thirty replications per group, and maintained in the field with an automatic irrigation 

system. 

Chestnut plants were fertilized with increasing concentrations of potassium silicate 

(SiK®), 0 mM, 5 mM, 7.5 mM and 10 mM SiK®) in two ways, directly in the soil (50 

mL) and on the leaves (30 mL) with a foliar application. In the present study, the plants 

were submitted to annual SiK® applications between 2014 and 2016. The concentrations 

of SiK® were selected from the results obtained in the previous study of chestnut plants 

published by Zhang et al. (2013). 

All plants were submitted to a first phase without irrigation (NIP) to induce water 

stress in plants. When the first plants reached their threshold of water potential, -2.0 MPa, 

the irrigation was opened (second phase – IP). A drip system (4L/drip/plant) was installed 

to ensure irrigation. During the irrigation phase, it was applied on a daily basis for 15 

minutes. 

Leaf samples were collected after their exposure to water stress, during both the 

non-irrigation phase (NIP) and after the irrigation phase (IP), when plants reached the 

higher water potential. 
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3.2.2.2 Determination of the content of total phenol compounds 

Four discs (8mm diameter) from each leaf were used and the extraction was done 

using 10 mL of 80% acetone (v/v). The total phenol compounds (TP) was quantified using 

5 mL of the acetonic extract according to the Folin-Ciocalteuprocedure (Singleton and 

Rossi, 1965). The absorbance was measured in the spectrophotometer at 795 nm, with six 

replications per treatment (n = 6). 

 

3.2.2.3 Soluble sugars and starch quantification 

The extraction of total soluble sugars (SS) was done in 80% ethanol (v/v), through 

the colorimetric method of Irigoyen et al. (1992). The absorbance of the samples was 

determined at 625 nm. Starch (ST) was determined from a pellet of SS, with the extraction 

being carried out in 30 % perchloric acid (v/v) and quantified at 625 nm, according to 

Rose et al. (1991). Glucose was used as a standard for the SS and ST determinations, with 

six replications per treatment (n = 6). 

 

3.2.2.4 Quantification of the electrolyte leakage percentage (ELP), lipid peroxidation 

(LPO) and hydrogen peroxide (H2O2) amount 

Electrolyte leakage is a method to evaluate the stability of the cell membrane to 

stress, which is an indicator of plant tolerance (Bajji et al., 2001). The determination of 

electrolyte leakage percentage was measured using leaf discs with 8 mm of diameter, 

according to Abu-Muriefah (2015). Leaf discs were placed in 10 mL of double-distilled 

water at 25 ºC in a shaker (100 rpm) for 24 h. Their conductivity was recorded (C1) using 

an electric conductivity meter (Jenway 470 portable conductivity meter). Then the 

samples were autoclaved at 120 ºC for 20 min and their conductivity also recorded (C2). 

The percentage of electrolyte leakage was calculated according to the following formula:  

ELP (%) = C1/ C2 

The determination of electrolyte leakage was measured in NIP and again in IP, with 

six replications per treatment (n = 6).  

The lipid peroxidation (LPO) content was measured using the method described by  

Zhu et al. (2004). Absorbance of the supernatants was determined at 532 and 600 nm. 

The LPO was expressed as μMg-1 FM, by using an extinction coefficient of 155mM−1 
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cm−1. The quantification of LPO was measured in NIP and in IP, with six replications per 

treatment (n = 6). 

The hydrogen peroxide (H2O2) contents in the chestnut leaves were measured by  

Gong et al. (2005) methodology. The absorbance of the samples was read at 390 nm and 

the H2O2 content was expressed as μMg-1 FM. The present results correspond to leaves 

quantified in NIP and in IP with six replications per treatment (n = 6).  

 

3.2.2.5 Proline content assay 

The method of Bates et al. (1973) was used for the proline determination. Five discs  

(8 mm) were homogenized in 3% sulfosalicylic acid, followed by centrifugation at 5000 

x g for 20 minutes. The supernatant was treated with acid-ninhydrin (C9H6O4) and 2 mL 

of glacial acetic acid (C2H4O2), boiled for 1 h and, after cooling, 2 mL toluene was added 

to each sample. The absorbance was determined spectrophotometrically at 520 nm and 

the measurement was replicated six times per treatment (n = 6). 

 

3.2.2.6 Thiol content assay 

The determination of the thiol content was made according to Gong et al. (2005), 

by homogenizing a disc (8 mm) in 50 mM Tris-HCl with 20 mM of ethylenediamine 

tetraacetic acid (EDTA), with  a pH of 8.0, and the samples were then centrifuged for 20 

min at 15.000 x g. For the thiol determination, 0.25 mL of the homogenates were mixed 

with 0.75 mL of 0.2 M Tris-HCl, pH 8.2 and 0.05 mL of 0.01 M of 5,5′ dithiobis 2 

nitrobenzoic acid (DTNB). The absorbance of the supernatant was read at 412 nm and 

the amount of thiol was calculated by using the extinction coefficient of 13.1 mM-1cm-1.  

The measurement was replicated six times per treatment (n = 6). 

 

3.2.2.7 Quantification of the soluble protein content 

Determination of the total soluble protein (SP) content was carried out using the 

bovine serum albumin (BSA) as a standard, according to the method of Bradford (1976).  

The measurement was replicated six times per treatment (n = 6). 
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3.2.2.8 Antioxidant activity determination 

The catalase (CAT) activity was measured using the Clark type O2 electrode 

connected to an appropriate register, according to the methodology used by  

Wu et al. (2014). The apparatus used for measuring the release of oxygen was Oxy-Lab 

Hansatech. and the activity was expressed as Units g-1 FM. 

The peroxidase (POD) activity was determined according to the method of  

Farooq et al. (2013), with the increase in the absorbance due to oxidation of guaiacol 

being measured at 470 nm. The POD activity was expressed in Units g-1 FM by using the 

appropriate coefficient extinction (Ɛ = 26.6 mM-1 cm-1). 

Ascorbate peroxidase (APX) activity was assayed following the method of  

Farooq et al. (2013). The oxidation of ascorbate was observed by the change in 

absorbency at 290 nm, while the activity of APX was expressed in Units g-1 FM by using 

the appropriate coefficient extinction (Ɛ = 2.8 mM-1 cm-1). 

The measurement was replicated six times per treatment (n = 6). 

 

3.2.2.9 Statistical analysis 

The data were subjected to an analysis of variance using Statview 5.0 (SAS Institute 

Inc. 1992-1998) and Statistic 8.0 (StatSoft Inc. 2007). Statistical differences among 

treatments were determined by the Tukey test (P≤0.05). 
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3.2.3 Results and discussion 

3.2.3.1 Total phenol compounds  

The production of phenolic compounds is one of the strategies used by plants under 

environmental stress to avoid the oxidative damage caused by drought  

(Varela et al., 2016). As shown in Fig. 3.2.1, the exposure to NIP caused a significant 

increase in TP in Si-treated plants when compared to untreated plants, about 111% from 

0.855 to 1.780 mg g-1 FM-1 at 2015 (Fig. 3.2.1A) and 108% at 2016, from 0.451 to 0.951 

mg g-1 FM-1 at 2016 (Fig. 3.2.1B) between the 0 mM and 10 mM SiK® treatment.   

 

 

Fig. 3.2.1 – Effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the total content of phenol 

compounds (mg g-1 FM-1) of chestnut plants exposed to the non-irrigation phase (NIP) and to the irrigation 

phase (IP) in 2015 (A) and in 2016 (B). Different uppercase letters indicate significant differences between 

treatments and lowercase letters indicate significant differences between the same treatment at different 

water availability (NIP/IP), according to the Tukey test (P≤0.05). The columns described correspond to the 

means from six repetitions and the standard error (SE). 
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Concerning the recovering phase, (IP, Fig. 3.2.1A and 3.2.1B) an increase on TP 

was observed in Si-treated plants, with this increase being proportional to the SiKcontent 

applied to chestnut plants. Comparing NIP with IP, the data indicate that under water 

deficit the Si-treated plants promote a higher TP synthesis as a defense response. The  

Si-fertilized plants presented a higher accumulation of TP in leaf tissues under stress, 45% 

more from IP to NIP, while the control plants recorded only 23% at 2015 (Fig. 3.2.1A). 

Similar results were found in 2016, with 25% more in Si-treated plants (10 mM SiK®) 

and 5% in untreated plants (0 mM SiK®) (Fig. 3.2.1B). These results reinforce the positive 

effect of Si on the production of phenols in plants under stress conditions, suggesting they 

have a beneficial role in the biochemical defense responses of chestnut plants, which 

promotes tolerance against water deficit.  

 

3.2.3.2 Soluble sugars and starch  

The data show that Si fertilization significantly increased the accumulation of 

soluble sugars (SS) concentration in plants exposed to NIP by about 120% in 2015 (Fig. 

3.2.2A) and by 180% in 2016 (Fig. 2B), between the 0 mM and 10 mM SiK® treatments,  

as previously observed by  Zhang et al. (2013) in chestnut plants. When examining IP, a 

similar tendency was observed. The Si-treated plants recorded higher amount of SS than 

the control plants, 9.59 mg g-1 FM in 2015 (Fig. 3.2.2A) and 7.80 mg g-1 FM in 2016 (Fig. 

3.2.2B) in 10 mM SiK® treatment, while  the 0 mM SiK® registered  4.10 mg g-1 FM in 

2015 (Fig. 3.2.2A) and 2.90 mg g-1 FM in 2016 (Fig. 3.2.2B).  
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Comparing NIP with IP, the results show a decrease in the SS content under water 

deficit conditions. One explanation for these findings may be that drought induces the 

reduction of the catabolism of SS, as suggested by Pei et al. (2010) in wheat plants.  

 

 

 

Fig. 3.2.2 –The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on soluble sugars content 

(mg g-1 FM-1) of chestnut plants exposed to the non-irrigation phase (NIP) and tothe irrigation phase (IP) 

in 2015 (A) and in 2016 (B). Different uppercase letters indicate significant differences between treatments 

and lowercase letters indicate significant differences between the same treatment at different water 

availability (NIP/IP) according to the Tukey test (P≤0.05). The columns described correspond to the means 

from six repetitions and the standard error (SE). 
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Examination of the starch content (ST) followed the similar trend as for the SS 

level. The untreated plants showed a lower ST content when compared to the Si-treated 

plants, which presented an increase in the amount of these metabolites when chestnuts 

were submitted to water stress (Fig. 3.2.3).  

 

 

 

Fig. 3.2.3 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the starch content 

(mg g-1 FM-1) of chestnut plants exposed to the non-irrigation phase (NIP) and to the irrigation phase (IP) 

in 2015 (A) and in 2016 (B). Different uppercase letters indicate significant differences between treatments 

and lowercase letters indicate significant differences between the same treatment at different water 

availability (NIP/IP), according to the Tukey test (P≤0.05). The columns described correspond to means 

from six repetitions and the standard error (SE). 
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3.2.3.3 Electrolyte leakage (ELP), lipid peroxidation (LPO) and hydrogen peroxide 

(H2O2)  

Electrolyte leakage (ELP) has been recommended as a valuable criterion for the 

identification of stress resistant plants in several crop species (Bajji et al., 2001). 

In relation to the ELP measurements, it was observed that Si application in chestnut 

plants significantly reduced the ELP from 77.5% in 0 mM SiK® to 21.5% in 10 mM SiK®, 

a decrease of about 260% (Fig. 3.2.4A). Data show that Si-treated plants under IP present 

lower values of ELP, 16.3% comparatively to untreated plants, 25.6% (Fig. 3.2.4A).  

When comparing NIP with IP (Fig. 3.2.4A), the results suggest that Si application 

protected the lipid membranes from water stress, therefore no significant differences were 

observed in Si-treated plants, consequently preventing oxidative damage.  

Lipid peroxidation (LPO) in biological membranes is one of the main symptoms of 

oxidative stress in plants (Labudda, 2013). The NIP induced a significant increase in LPO, 

which was higher in control plants, 0.585 µMg-1FM than in Si-treated plants, 0.154 and 

0.134 µMg-1FM in 7.5 mM and 10 mM SiK® treatments, respectively (Fig. 3.2.4B). When 

comparing NIP with IP, the results indicate that Si fertilization in chestnut plants 

promotes lower values of LPO under water stress, since no significant differences were 

recorded between both phases. 
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Fig. 3.2.4 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) relatively to (A) 

electrolyte leakage percentage (ELP), (B) lipid peroxidation (LPO) and (C) hydrogen peroxide (H2O2) 

sequentially exposed to a non-irrigation phase (NIP) and to an irrigation phase (IP) in 2016 (B). A. ELP 

(%), B. LPO (µMg-1FM), C. H2O2 (µMg-1FM). Different uppercase letters indicate significant differences 

between treatments and lowercase letters indicate significant differences between the same treatment at 

different levels of water availability (NIP/IP), according to the Tukey test (P≤0.05).The columns described 

correspond to means from six repetitions and the standard error (SE). 
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mM SiK®, about 281%. In IP, once again the Si application recorded lower values of 
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results indicate that Si application prevents the accumulation of ROS inside the tissues, 

protecting plants from oxidative damage. 

 

3.2.3.4 Proline content assay 

Proline (Pro) is an important osmoprotector and biomarker of abiotic stress  

(Ediga et al., 2013). Under NIP, the synthesis of proline (Pro) increases significantly in 

control plants (0 mM SiK®), 0.65 mg g-1 FM more than Si-treated plants, which present 

lower values, 0.18 and 0.10 mg g-1 FM (7.5 mM and 10 mM SiK®, Fig. 3.2.5). These 

findings reinforce the idea that the presence of Si inside chestnut plants promoted a better 

defense response against the drought stress.  This difference between Si-treated plants 

and control plants represents a reduction of 261% and 550%, respectively, in 7.5 mM and 

10 mM SiK® treatments (Fig. 3.2.5). 

When comparing the results between NIP and IP, no significant differences were 

observed in Si-treated plants, while an increase of about 241% was observed in the Pro 

amount in the control plants (Fig. 3.2.5). Fig. 3.2.5 suggests that Si fertilization in chestnut 

plants increases the drought tolerance by limiting the accumulation of Pro in tissues under 

water deficit. There was a positive correlation between this parameter and the lower 

values of LPO and H2O2 contents (Figs. 3.2.4B and 3.2.4C) in all Si-treated plants, 

demonstrating the higher tolerance of these plants to water deficit conditions.   

 

 

 

 

 

 

 

Figure 3.2.5 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the amount of 

proline (mg g-1FM) in chestnut plants exposed to the non-irrigation phase (NIP) and to the irrigation phase 

(IP). Different uppercase letters indicate significant differences between treatments and lowercase letters 

indicate significant differences between the same treatment at different levels of water availability (NIP/IP), 

according to the Tukey test (P≤0.05). The columns described correspond to means from six repetitions and 

the standard error (SE). 
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3.2.3.5 Thiol content assay 

The most prominent thiol in plants is the tripeptide glutathione compound (GSH), 

which has redox properties and is involved in the stress responses of plants  

(Tausz et al., 2003). Table 1 shows a higher thiol (TL) synthesis in Si-treated plants 52% 

more (7.5 mM SiK®) and 68% more (10 mM SiK®) than in control plants (0 mM SiK®) 

(Tab. 3.2.1). A similar tendency was observed in the IP, where the Si-treated plants 

exhibited a higher amount of TL, with this increase being proportional to the 

concentration of SiK® applied, 0.125, 0.149 and 0.158 µmol g-1 DM on 5 mM, 7.5 mM 

and 10 mM SiK® plants, respectively, while control plants presented only  

0.103 µmol g-1 DM (Tab. 3.2.1).  

 

Tab. 3.2.1 - Effect of Si-fertilization (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the total amount of thiol  
(mg g-1DM) in the exposure of chestnut plants to the non-irrigation phase (NIP) and to the irrigation phase 

(IP). Data corresponded to the means from six repetitions and the standard error (SE). 

 

   

  NIP IP 

0 mM SiK® 0.177 ± 0.005 bA 0.103 ± 0.09 bA 

5 mM SiK® 0.257 ± 0.007 aA 0.125 ± 0.007 bB 

7.5 mM SiK® 0.269 ± 0.004 aA 0.149 ± 0.008 aB 

10 mM SiK® 0.297 ± 0.002 aA 0.158 ± 0.008 aB 

 

 
* Different uppercase letters indicate significant differences between treatments and lowercase letters indicate 

significant differences between the same treatment at different water available (NIP/IP) according to the Tukey test 

(P≤0.05). 

 

3.2.3.6 Quantification of soluble protein content 

Concerning soluble protein (SP) content, data indicates a substantial production of 

this metabolites in NIP by 180% (2015, Fig. 3.2.6A) and 418% (2016, Fig. 3.2.6B) when 

comparing the Si-treated plants (10 mM SiK®) with untreated plants (0 mM SiK®). 

Consistently, in IP the Si-fertilized plants (10 mM SiK®) show the highest amount of SP, 

about 143% (Fig. 3.2.6A) in 2015 and 375% (Fig. 3.2.6B) in 2016, in comparison to the 

control plants (0 mM SiK®).  
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When comparing NIP with IP, Figs. 3.2.6A and 3.2.6B show that the Si application 

promotes the increase in the amount of SP, from 0.681 to 0.940 mg g-1FM-1 in 2015 and 

from 2.970 to 3.490 mg g-1FM-1 in 2016, in 10 mM SiK® treatment.  

 

 

 

 

Fig. 3.2.6 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on the amount of soluble 

proteins (mg g-1FM-1) in chestnut plants exposure in the non-irrigation phase (NIP) and the irrigation phase 

(IP) in (A) 2015 and in (B) 2016. Different uppercase letters indicate significant differences between 

treatments and lowercase letters indicate significant differences between the same treatment at different 

levels of water availability (NIP/IP), according to the Tukey test (P≤0.05). The columns described 

correspond to the means from six repetitions and the standard error (SE). 
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3.2.3.7 Antioxidant activity 

The maximum increase in the APX activity was 165 Units g-1 FM achieved by the 

10 mM SiK® treatment, while the minimum value was 59 Units g-1 FM (Fig. 3.2.7A), 

recorded by the control plants (0 mM SiK®). Data suggest that Si fertilization promotes 

the significantly increase in APX activity from 59 to 165 Units g-1 FM, 180% more 

between 0 mM and 10 mM SiK® treatments (Fig. 3.2.7A). During the IP the values of 

APX registered were lower than for the NIP. However, the Si-treated plants presented 45 

Units g-1 FM (10 mM SiK®), while the control plants presented only 30 Units g-1 FM (0 

mM SiK®) (Fig. 3.2.7A).  
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Fig. 3.2.7 – The effect of Si application (0 mM, 5 mM, 7.5 mM and 10 mM SiK®) on (A) APX (Units g-1 

FM), (B) CAT (Units g-1 FM) and POD (C) (Units g-1 FM) in chestnut plants exposed to the non-irrigation 

phase (NIP) and to the irrigation phase (IP). Different uppercase letters indicate significant differences 

between treatments and lowercase letters indicate significant differences between the same treatment at 

different levels of water availability (NIP/IP), according to the Tukey test (P≤0.05). The columns described 

correspond to the means from six repetitions and the standard error (SE). 

 

Consistently, CAT activity increased proportionally to the amount of SiK® applied, 

117, 146 and 189 Units g-1 FM (Fig. 3.2.7B) in 5, 7.5 and 10 mM treatments, while 

untreated plants (0 mM SiK®) presented only 88 Units g-1 FM (Fig. 3.2.7B).  

In relation to the POD activity, the Si-treated plants showed the higher values 303 

and 391Units g-1 FM (Fig. 3.2.7C), about 200% and 279% more in 7.5 mM and 10 mM 

SiK®,  respectively, while the untreated plants (0 mM SiK®) recorded only 104 Units g-1 

FM (Fig. 3.2.7C).  

The present results show significant differences observed between the Si-treated 

plants and the control plants during the IP. Comparing the NIP with the IP, the results 

indicate that water stress significantly induces the antioxidant activity of the enzymes 

under study (APX, CAT and POD) (Fig. 3.2.7) in Si-treated plants under water stress, 

suggesting that Si application promotes the biochemical activity as a defense response to 

oxidative damage. 

 

 

0

50

100

150

200

250

300

350

400

450

0 5 7.5 10

P
O

D
 (

U
n

it
s 

g
-1

F
M

)

SiK® (mM)

NIP IP

cA

bB

bA

bB

bA

bB

aA

aB

C



144 

 

3.2.4 Discussion 

Silicon application might intensify the accumulation of secondary metabolites and 

the TP amount in chestnuts leaves (Fig. 3.2.1) as a biochemical defense mechanism 

against water stress, improving the antioxidant activity and consequently helping the 

plants to have more tolerance against water deficit then the untreated plants (0 mM SiK®). 

According to Varela et al. (2016), the TP has a strong antioxidant capacity to protect 

cellular structures from the oxidative damage caused by the increase of ROS production 

in cells. Similar results were found by Shen et al. (2010) and Zanetti et al. (2016) in 

soybean and cacao plants. When comparing the NIP with the IP, the data indicate that Si-

treated plants increased TP level under stress conditions compared to non-stressed plants. 

The TP have been described as markers of biotic and abiotic stress tolerance in plants 

which present several phenolic compounds involved in oxidative stress caused by ROS, 

with the higher TP amount being a biochemical response to adapt to adverse 

environmental changes (Quan et al., 2016). 

Asraf and Foolad (2007) and Pei et al. (2010) explained that the higher SS content 

(Fig. 2) in Si-treated plants also play an important role in the defence against 

detoxification of ROS, conferring protection to the membrane integrity and promoting 

the stabilization of proteins/enzymes. Data showed that Si application induced a higher 

accumulation of SS in NIP (Fig. 2) compared to control plants (0 mM SiK®). SS can act 

as osmotic agents and as osmoprotectors to stabilize proteins and membranes in the 

osmotic adjustment production. This study suggests that Si fertilization promoted the 

increase in the ST amount in chestnuts under drought stress, corroborating the studies of 

Al-Mayahi (2016) and Zanetti et al. (2016) in cacao and Phoenix dactylifera plants. The 

high ST content (Fig. 3.2.3) in Si-supplied plants under water deficit may be used as a 

reserve for the metabolic processes. 

The Si fertilization in chestnut plants significantly reduces the oxidative damage 

under water stress. When comparing the NIP with the IP there was no significant 

difference between Si-treated plants (Fig. 3.2.4A and 3.2.4B).  One possible explanation 

can be that Si application helps limit the ELP (Fig. 3.2.4A) , LPO (Fig. 3.2.4B) and H2O2 

(Fig. 3.2.4C) amount under stress conditions in comparison to control plants, reinforcing 

the potential of Si in the stabilization of the structure of the plasma membrane, allowing 

the osmotic adjustment and the decline of the oxidative damage of functional molecules, 
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compared to plants without Si application, as demonstrated by Gong et al. (2005),  Pei et 

al. (2010) and Zanetti et al. (2016) in wheat and cacao plants under water deficit. These 

findings are similar to those reported by Kaya et al. (2006) and Jafari et al. (2015), who 

observed that Si treatment can maintain the stability and functioning of plasma 

membranes, by the increase in the antioxidant defenses in maize and cucumber plants 

(Zhu and Gong, 2014). Si fertilization reduces the accumulation of H2O2 in tissues, also 

influencing the level of LPO (Fig. 3.2.4B). Studies in fava bean also demonstrated that Si 

regulates the mechanisms for cellular redox homeostasis, promoting the transformation 

of super oxide to H2O and O2 by enhancing the H2O2-scavenging enzymes activities, 

conferring protection to the plants against oxidation damage (Abu-Muriefah, 2015). Data 

are coherent with the lower values of ELP (Fig. 3.2.4A) and LPO (Fig. 3.2.4B), 

demonstrating that Si fertilization acts as a defense mediator in NIP, protecting cells from 

oxidative stress by improving the efficiency of defense response systems, due to the 

promotion of antioxidant activity. Similar results were reported in wheat and cotton plants 

by Pei et al. (2010) and Farooq et al. (2013). 

Proline is considered a biochemical indicator of stress and an osmotic regulator, 

which can be frequently associated to a reduction of the stress levels in many agriculture 

crops. Results indicate that Si-treated plants significantly reduced the Pro content during 

the NIP (Fig. 3.2.5). These results are corroborated by the lower values of ELP, LPO and 

H2O2 (Fig. 3.2.4) levels in the NIP, indicating that Si has a beneficial role in 

mitigating/reducing the negative effects of water stress. Similar results were found by 

Gong et al. (2005), Gunes et al. (2008) and Mauad et al. (2016), who reported the addition 

of Si in wheat, sunflowers and rice plants. In addition, Al-Mayahi et al. (2016) stated that 

the reduction of Pro level by the addition of Si in plants may reflect the alleviation of 

stress damage through Pro biosynthesis, which is a high energy demanding process. 

Therefore, the lower production of Pro content could be an advantage to save more energy 

to increase the tolerance of Phoenix dactylifera plants against environmental stresses.  

The TL plays a central part in plant stress response and oxidative signaling and of 

glutathione-related enzymes, including those involved in the biosynthesis of non-protein 

thiol compounds (Zagorchev et al., 2013). Data indicate that the TL amount is higher in 

Si-treated plants, 7.5 mM and 10 mM SiK® (Tab. 2) at NIP than to control plants, which 

suggests that the presence of Si inside the plants can promote the synthesis of TP as a 

defence response. These results are corroborated by Gong et al. (2005), Zhu and Gong 
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(2014), who reported that the Si application in plants under water stress stimulate the TT 

amount, e.g. glutathione (GSH) and cysteine (Cys) in grasses. These compounds 

neutralize the toxicity of overproduced ROS resulting from the water deficit. The 

tolerance of plants to stress is commonly associated with the increase in the GSH content, 

an important non enzymatic antioxidant with an important role in the defence of cells, 

which is directly involved in the protection of cells from ROS damage and in the 

regeneration of oxidized substrates, as suggested by Tausz et al. (2003). 

Concerning the content of SP, results show that Si fertilization promotes the 

protection of these biomolecules against NIP (Fig. 3.2.6), reducing the ELP, LPO and 

H2O2 amount (Fig. 3.2.4). On the other hand, the lower values of SP content recorded by 

the control plants can be associated with the increase in Pro and the higher oxidative 

damage under water stress, resulting in destruction or a decrease in the biosynthesis of 

proteins, which can affect the membrane fluidity and structure, according to Kumar et al. 

(2017) and Tani et al. (2019) in wheat, Medicado sativa, Medicago arborea and alborea 

plants. 

APX, CAT and POX are antioxidant enzymes associated with the primary role in 

H2O2 detoxification, playing an essential protective role against drought  

(Kim et al., 2017). 

This study demonstrated that Si fertilization significantly increases APX, CAT and 

POD activity during the NIP, with an increase of 179%, 189% and 279% in 10 mM SiK® 

treatment (Fig. 3.2.7) of these antioxidant enzymes involved in the resilience against 

drought (Malhotra et al., 2016). The present findings suggest that Si-treated plants were 

more resistant to water stress compared to untreated plants. This was attributed to a 

mitigation of the oxidative damage and lower ELP, LPO and H2O2 contents (Fig. 3.2.4), 

promoted by Si fertilization, which can be associated with  the increase in APX, CAT and 

POD activity (Fig. 3.2.7).  These are considered important anti-drought mechanisms to 

control water deficit, corroborating the previous studies by Abedi and Pakniyat (2010) on 

oilseed rape plants. 

The present findings are reinforced by previous studies that report a beneficial effect 

of Si on the increase of APX, CAT and POD activity in response to drought stress in faba 

bean (Abu-Muriefah et al., 2015) and Phoenix dactylifera (Al-Mayahi et al., 2016). This 

study suggests that Si fertilization in chestnut plants under drought stress could 
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significantly enhance the defence capacity against oxidative damage, leading to a 

significant improvement in the biochemical defence system. 

3.2.5 Conclusions 

This research indicates that the Si fertilization of chestnut plants improved their 

resilience to drought stress, a serious problem that affects these plants in the summer, 

meaning that it can be an important defence mechanism for this important crop. 

Chestnut fertilization with 7.5 mM and 10 mM SiK® promoted drought tolerance 

under water stress conditions. This answer might be associated to the improvement in the 

antioxidant enzyme defense (APX, CAT and POD) and the synthesis of total phenol 

compounds and the amount of thiols under water deficit, which helped control the 

oxidative stress and protect cells from ROS damages. 
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Capítulo 4.1 

Keywords: Biotic stress, Castanea sativa Mill, Fungitoxic, Phytophthora cinnamomi, Resistance and 

Silicon. 

The European chestnut (Castanea sativa Mill.) is a specie with 

great economic importance in Europe that have been present 

for thousands of years. In Portugal, the chestnut helps to 

maintain a positive trade balance, by contributing to the gross 

national product (GDP). One of the biggest threats for the 

chestnut is the ink disease caused by Phytophthora cinnamomi, 

this disease is problematic to chestnut crop with a damaging 

impact. Silicon (Si) is classified as a beneficial nutrient, having 

the ability to make plants more resistant to attacks by 

pathogens. Studies on the effect of silicon on chestnut are 

practically non-existent, so the aim of this study was to evaluate 

the impact of silicon in the resistance of chestnut plants to  

P. cinnamomi. The plants were treated by 0 mM, 5 mM, 7.5mM 

and 10 mM SiK® with the analyzed mad at 0, 15 and 30 days 

after inoculation by P. cinnamomi. These findings showed that 

the Si-treated plants had higher survival rate resulted from the 

presence of phytoliths in root tissues, that acted as a mechanical 

barrier reducing the development of pathogenic structures and 

they arealso associated with the improvement on antioxidant 

activity through the increase of CAT and SOD, higher values 

of total phenols compounds and less oxidative damage. The 

presence of Si in PDA medium reduced the growth of P. 

cinnamomi all over the time, presenting high PI.  This work 

shows that the Si fertilization in chestnut plants contributes to 

increase the resistance against P. cinnamomi infection.  
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Potential of silicon fertilization in the resistance of chestnut 

plants to ink disease (Phytophthora cinnamomi) 

Andreia Carneiro-Carvalho, Catarina Pereira, Tiago Marques, Luís Martins, Rosário Anjos, 

Teresa Pinto, José Lousada and José Gomes – Laranjo 

 

Abbreviations: CAT – catalase; CP – Cortical parenchyma; E – Endoderm; EDTA – ethylenediamine 

tetraacetic acid; H2O2 – hydrogen peroxide; HCl – hydrochloric acid; MAPKs – mitogen-activated protein 

kinases; MDA – malondialdehyde;  NBT – nitroblue tetrazolium chloride; PDA – potato dextrose agar;   

Pht – phytoliths; PI – percentage of inhibition; Si – silicon;  SiK® - potassium silicate;  

SOD – superoxide dismutase; TP – total phenol compounds; VC – vascular cylinder. 

 

4.1.1 Introduction 

The sweet chestnut (Castanea sativa Mill.) is present in all countries of the 

Mediterranean Sea basin, playing an important role in the economy of these countries 

(Corredoira et al. 2012), covering large areas in France, Greece, Italy, Portugal, Spain, 

Turkey and the United Kingdom (Fernandez-López and Alia, 2003). This chestnut 

species has an important historical and cultural value, playing a key role in the economy 

and environmental sustainability of the mountain areas (Marinoni et al., 2013). However, 

the European chestnut has been strongly threatened by ink disease. Phytophthora 

cinnamomi was detected for the first time in Japan. In Spain and Portugal, it emerged 

during the 19th Century and was subsequently reported in other countries of Europe (Italy, 

Greece, Switzerland, Turkey, France and the United Kingdom) (Vannini and Vettraino, 

2001; Vettraino et al., 2005; Corredoira et al., 2012).  

In Portugal, this disease has been responsible for the disappearance of more than 

50% of the chestnut-producing area since the 20th Century (Seabra et al., 2001; Martins 

and Abreu, 2007). This soil oomycete, which has asexual reproduction, attacks the root 

system and produces a black exudate that stains the surrounding soil leading the collapse 

of xylem and consequently to the death of the tree (Vannini and Vettraino, 2001). The  

P. cinnamomi representing one of the most devastating root rot pathogens of chestnuts 
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(Balci and Halmschlager, 2003), by these reasons is essential to search for alternative 

strategies that can help the trees to increase their resistance against this pathogen.  

In this context, the fertilization with Si in chestnut plants appear as a possible 

inducer of resistance against P. cinnamomi infection, considering the potential of Si as an 

important and promising plant protector against several biotic stresses allowing to 

decrease the intensity of diseases in different crops in the world (powdery mildew and 

rice blast). Several authors verified that Si fertilization reduces the infection of angular 

leaf spot and Colletotrichum lindemuthianum in cotton (Oliveira et al., 2012) and bean 

plants (Polanco et al., 2014), respectively. On the other side, Côrtes et al. (2015) added 

that the Si is classified as an elicitor with potential through enzymes defense suppress the 

rice blast.  

Several diseases were also suppressed by Si application (Rodrigues and Datnoff 

2005). In this context, Seebold et al. (2001) have tested the effects of Si on several 

components of resistance to rice diseases using susceptible, partially resistant and 

completely resistant rice varietys. They found that the number of sporulation per lesion, 

lesion size, rate of lesion expansion, number of spores per lesion and diseased leaf area 

were significantly reduced by Si application. Moreover, the presence of brown spot, stem 

rot, sheath brown rot on rice, Fusarium and Corynespora leaf spot on cucumber decreased 

with the increase of Si supply.  

Datnoff et al. (2001), suggesting that production inputs can be better managed by 

using Si, allowing the reduction of pesticide elimination, as well as improved plant 

resistance. Furthermore, Bakhat et al. (2018) note that Si can reduce diseases such as blast 

to the same level as a fungicide, reducing costs and providing positive environmental 

benefits. 

The objetive of the present study was to investigate the effect of Si fertilization in 

chestnut plants on the resistance to ink disease (P. cinnamomi). 
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4.1.2 Material and methods 

4.1.2.1 Plant material and growing conditions 

The experiments used 160 chestnut seeds (Castanea sativa Mill var. Sousã) from 

the same tree growing in the Germobank of University of Trás-os-Montes e Alto Douro 

(UTAD), Vila Real, Portugal (41° 17′ 20″ N, 7° 44′ 0″ W). 

The seedlings were planted in 2 L filled pots with 3:1 turf and perlite and randomly 

organized into 4 groups with 40 pots each. The plants with 4 months old were then placed 

in the growing chamber, with a 12h photoperiod, radiation 1600 μmol(photon)m-2 s-1,  

26 ºC, and watered on a daily basis.  

 

4.1.2.2 Silicon Treatments  

Silicon was applied two months after the plants were potted, as potassium silicate 

(SiK®), according to Ma and Yamaji (2002). In this way, four treatments were prepared 

and evaluated: 0 mM, 5 mM, 7.5 mM and 10 mM SiK®. The silicon solutions were 

adjusted to pH 6.9 using 30 M hydrochloric acid (HCl). Each plant was fertilized with 50 

mL of a SiK® solution, which was directly applied to the soil. 

In the experiment of Si+PDA, different levels of Si (0 mM, 5 mM, 7.5 mM and  

10 mM SiK®) were applied in PDA medium. 

 

4.1.2.3 Isolation of P. cinnamomi  

The P. cinnamomi isolate (isolate UTAD 107 = IMI 340340) used in the inoculation 

was selected due to its virulence in accordance with previous tests (Abreu et al., 1999). 

The high pathogenicity of this isolate in European chestnuts was also confirmed by Dinis 

et al. (2011). The inoculum was prepared for growth in PDA (potato dextrose agar) during 

6 days at 25°C in the dark.  
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4.1.2.4 Leaf mineral analysis 

The samples were analysed using the standard procedures of the University of  

Trás-os-Montes and Alto Douro Soil Analysis Laboratory. The preparation and analysis 

of chemical macronutrients (N, P and K) in leaves from Si-treated plants and untreated 

plants (0 mM SiK®) were done using the methods described by Malavolta et al. (1997). 

The content of Si in chestnut leaves was analyzed by the method described by  

Korndörfer et al. (2004), and for this nutrient the measurements were replicated 3 times 

per treatment (n = 3). 

4.1.2.5 Sensibility tests to ink disease 

Leaf discs inoculation with P. cinnamomi  

The inoculation of leaves with P. cinnamomi was made according to Gouveia and 

Abreu (1994), with some changes to verify if there was a correlation between this 

inoculation form and roots inoculation.  Six leaves per treatment were sampled from the 

non-inoculated plants. In the middle part of each one, 3 discs with 2 cm of diameter, 

including midrib, were punched. The discs were placed in petri dishes on a damp filter 

paper to maintain humidity conditions to the development of P. cinnamomi. An 8 mm 

disc of PDA inoculated with P. cinnamomi was placed on top of each leaf disc, as 

described earlier. The time, in hours, between the inoculation and the visible symptoms 

was evaluated daily over a period of 7 days, recording observations about the appearance 

of chlorosis in leaf discs was recorded.  

 

Preparation of P. cinnamomi inocolum  

The inoculum of P. cinnamomi was prepared from a mixture of potatoes, sugar and 

distilled water until boiling and then drained. The mixture was autoclaved for 20 minutes 

at 120°C and after the cooling period was inoculated with P. cinnamomi mycelium discs 

of about 8 mm diameter, from colonies with 10 days and posteriorly incubated in the oven 

at 25°C for 8 days. 
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Root inoculation with P. cinnamomi  

The P. cinnamomi inoculum (50 mL) was applied in 20 chestnut plants per 

treatment (described in the plant material) directly in the soil, 60 days after SiK® 

fertilization. The plants were then monitored for 4 months, registering the time whenever 

a plant died. 

 

4.1.2.6 Histopathology analysis 

With a hand microtome, cross sections (1 μm thick) of secondary roots were 

obtained from untreated (0 mM SiK®) and Si-treated plants (5 mM, 7.5 mM and 10 mM 

SiK®) at 150 days after inoculation (Monteiro et al., 2017). The root samples were 

collected from three different plants per treatment, avoiding lignified zones and the root 

tips. Sections were stained with a solution of 0.1 % toluidine blue-O solution in citrate 

buffer (pH 0.5) (Ruzin, 1999) to stain vegetative tissues in general and for specific 

detection of phenolic compounds in the middle lamella of woody species (Ruiz-Gómes 

et al., 2015) and then sealed with a mounting medium (Entellan; Merck). 

Pictures from sections were taken with an Olympus IX 51 inverted microscope 

(Olympus optical Co., GmbH, Hamburg, Germany) using an Olympus BX50. 

The set of images obtained, five per sample, contained different tissue types: outer 

cortex containing epidermal cells, the central cylinder with medullary parenchyma, the 

vascular cambium, and the vascular tissue system such as xylem and phloem. The 

amorphous silicon bodies were analyzed with an optical microscope in the same root 

samples treated with SiK® mentioned above (Monteiro et al., 2017). 

The histology analysis was performed to analysis the effect of Si fertilization on the 

resistance of root tissues against to P. cinnamomi infection. 

 

4.1.2.7 Evaluation of the effect of soluble silicon application in PDA medium on the 

mycelial growth of P. cinnamomi 

Filter sterilized solutions with different concentrations of Si (5 mM, 7.5 mM and  

10 mM SiK®) were added to autoclaved PDA culture for Si+PDA medium by mixing  

200 mL of Si solution with 350 mL of PDA (proportion of 1:2) being this process made 

for each concentration under study. The Si+PDA solutions were mixed with magnetic 
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stirrers to ensure even distribution of Si and subsequently were decanted into sterilized 

Petri dishes, according to Kaiser (2005). On the other hand, the control (0 mM SiK®) was 

represented by non-ameliorated PDA medium. 

Then a 1 mm square of P. cinnamomi from 15 days old culture on PDA were 

transferred to the center of Petri dishes (90 mm in diameter) containing SiK®+PDA and 

control plates (0 mM SiK®). The present methodology was adapted by Bekker et al. 

(2009) and was performed for each treatment (5 mM, 7.5 mM and 10 mM SiK®) under 

study.  

The Petri dishes from all treatments were incubated in a chamber at a temperature 

of 25ºC in the darkness. The evaluations were carried by measuring the daily diameter of 

P. cinnamomi using a ruler, ending when the control colonies reached the entire surface 

of the Petri plate. The percentage of inhibition (PI) was used to calculate the colony 

diameter growth of P. cinnamomi according to the formula (Ebrahimi et al., 2012): 

 

PI= (C-I)/C *100% 

PI – Percentage of mycelial growth inhibition  

C – Diameter of mycelial growth in control treatment  

I – Diameter mycelial growth of Si treatment 

 

This methodology was made to evaluate the impact directly of Si application on 

growth of P. cinnamomi in PDA medium. Data presented were resulted by twenty 

replicates for each treatment. 

 

4.1.2.8 MDA and hydrogen peroxide contents 

Lipid peroxidation in the leaves was measured in terms of malondialdehyde 

(MDA), a product of lipid peroxidation which is formed in a reaction mixture containing 

thiobarbituric acid. The MDA amount was determined at 532 nm, followed by correction 

for the non-specific absorbance at 600 nm using an extinction coefficient of  

155 mM-1cm-1 as described by Farooq et al. (2013). 
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Hydrogen peroxide (H2O2) amount was determined according to Schurt et al., 

(2014). The absorbance was measured at 390 nm and the H2O2 content was computed by 

using the extinction coefficient of 0.28 mmol-1cm-1. 

The MDA and H2O2 content quantification were measured to analysis the impact 

of Si fertilization on oxidative damage. 

These measurements were held between 0 and 60 days after inoculation and were 

replicated 6 times per treatment (n = 6). 

4.1.2.9 Total phenols compounds determination 

The total phenols were determined according to the Folin-Ciocalteu’s procedure of 

Singleton and Rossi (1965) with the remainder alcoholic extract of the photosynthetic 

pigments. The absorbance of these metabolites was quantified at 795 nm. These 

measurements were held between 0 and 60 days after inoculation and were replicated 6 

times per treatment (n = 6).  

 

4.1.2.10 Antioxidant activity determination 

The antioxidant activity determination was made for evaluated the role of Si application 

in host defense system. The activity of catalase (CAT) was measured by Wu et al. (2014) 

method. CAT activity was determined as the rate of disappearance of H2O2 at 240 nm, 

for 1 minute. Reaction mixture (3 mL) included 50 mM potassium phosphate buffer (pH 

7), and the activity was expressed as Units g-1 FM. The activity of superoxide dismutase 

(SOD) was assayed by Roohizadeh et al. (2014) and was expressed as Units g-1 FM. 

Reaction mixture containing 50mM potassium phosphate buffer (pH 7.8), 1.3 µM 

riboflavin, 0.1 mM of ethylenediamine tetraacetic acid (EDTA), 13 mM methionine, 63 

µM of nitroblue tetrazolium chloride (NBT) 0.05 M sodium carbonate (pH 10.2) and 

enzyme extract, was used. The photoreduction of NBT was measured at 560 nm. 

These measurements were held between 0 and 60 days after inoculation and data 

from all the enzymes corresponded to four replicates per treatment (n = 4). 

 

 



162 

 

4.1.2.11 Statistical analysis 

Data were expressed as means. For statistical analysis, the Tukey’s test (P< 0.05) 

was applied. 

 

4.1.3 Results 

4.1.3.1 Leaf mineral analysis 

Table 4.1.1 presents the composition in mineral nutrients and Si amount of Si-free 

plants and Si-treated plants. The Si-treated plants showed a significant increase on Si 

content, presenting an increase of 298% between 0 mM SiK® and 10 mM SiK® 

treatments. In addition, data showed that the Si content increases in Si-fertilized chestnuts 

with the enhance of the Si concentration applied, 1.81, 2.45 and 3.98 mg Si.g-1 recorded 

in 5 mM, 7.5 mM and 10 mM SiK® treatments, respectively while control plants  

(0 mM SiK®) showed only 1.00 mg Si.g-1 (Tab. 4.1.1). 

 

Tab. 4.1.1 – Amount of mineral nutrients and silicon content in chestnut leaves of all treatments  

(0, 5, 7.5 and 10 mM SiK®) under study (n = 3). 

Treatment 
Si N P K 

(mg Si.g-1 ) (g kg-1 ) (g kg-1 ) (g kg-1 ) 

0 mM SiK® 1.00 ± 0.001 25.3 ± 0.025 3.0 ± 0.004 30.5 ± 0.037 

5 mM SiK® 1.81 ± 0.003 30.7 ± 0.033 3.5 ± 0.001 40.3 ± 0.056 

7.5 mM SiK® 2.45 ± 0.005 34.5 ± 0.019 3.9 ± 0.002 41.6 ± 0.068 

10 mM SiK® 3.98 ± 0.001 40.2 ± 0.048 4.8 ± 0.002 42.1 ± 0.026 

 

* Means followed by different letters are significantly different (Tukey’s test, P < 0.05) 

 

Additionally, as shown in Tab. 4.1.1, the Si application promoted a significant 

increase in the content of N, P and K, where the percentage increases with the Si 

concentration applied in chestnut plants, in 10 mM SiK® treatment was 59% N, 60% P 

and 38% comparatively to control treatment (0 mM SiK®).  
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4.1.3.2 Sensibility tests for ink disease and survival analysis 

Analyzing the sensibility tests, the Figure 4.1.1A showed clearly that in Si-fertilized 

leaf discs, the development of chlorosis was significantly delayed and reduced compared 

to non Si-fertilized plants (0 mM SiK®). The results indicate that the plants behavior 

differs in relation to P. cinnamomi inoculation, on the Si absent plants (0 mM SiK®), the 

symptoms of oomycete infection appeared after 78h. In contrast, in the Si-fertilized leaf 

discs with 7.5 mM and 10 mM SiK® (Fig. 4.1.1A) it took 156 and 139 h for chlorosis to 

appear and/or necrosis in leaf discs. These results are consistent with those shown in 

Figure 4.1.1B, where the number of non-affected discs increase with Si concentration 

applied. On 10 mM SiK® treatment, 72% of the discs did not present chlorosis, while in 

the control (0 mM SiK®) only 11% of the discs remained free of chlorosis.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.1 - Sensibility test to P. cinnamomi. A. Meantime (h) of chlorosis appearance in leaf discs from  

0 mM, 5 mM, 7.5 mM and 10 mM SiK®. B. The percentage of leaf discs free from P. cinnamomi (n = 6). 
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The Figure 4.1.2 presents the survival rate of chestnut plants from the different 

treatments under study against to P. cinnamomi infection. The higher values of survival 

rate demonstrated higher resistance to the severity of ink disease.  

 

Fig. 4.1.2 – Percentage of survival rate of non Si-fertilized (0 mM SiK®) and Si-fertilized (5 mM, 7.5 mM 

and 10 mM SiK®) plants 150 days after inoculation with P. cinnamomi (n = 20). 

 

Consistently, after 150 days of inoculation, only 40% of control plants (0 mM SiK®) 

remained alive, unlike Si-fertilized plants, of which 80% survived for the 7.5 mM and 10 

mM SiK® (Fig. 4.1.2). Therefore, the present findings suggesting that the highest 

concentrations of Si (7.5 mM and 10 mM SiK®) have more resistance against to  

P. cinnamomi inoculation compared to untreated plants (0 mM SiK®). 

 

4.1.3.3 Histopathology analysis 

Figure 4.1.3A illustrates the degree of infection by P. cinnamomi in the root cortex 

and cortical parenchyma from each one of the treatments (0 mM, 5mM, 7.5mM and 10 

mM SiK®).  

The degree of infection by P. cinnamomi was assessed by the amount of the 

oospores in the cortex and vascular cylinder root cells. Roots from the Si absent plants  

(0 mM SiK®) showed a high degree of infection in the cortical parenchyma, which were 

fully colonized by the oospores (Fig. 4.1.3B and arrows a), reason why a high number of 

these pathogenic structures is observed in the parenchyma cells of the vascular cylinder 
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and leading to the disruption and occlusion of xylem vessels (Fig. 4.1.3A). In the root 

cells of cortical parenchyma many oospores were detected, dispersed throughout the 

cortical tissue. However, as the Si concentration increased in plants a decrease in the 

infection degree was observed, both in cortical parenchyma and vascular cylinder tissues, 

(Fig. 4.1.3B and arrows a), suggesting that Si fertilization might reduce the incidence of 

P. cinnamomi infection in chestnuts plants.  

Otherwise, multiplication of oospores in the root cortical parenchyma seems to be 

influenced by SiK® fertilization, since higher rates are visible on untreated plants  

(0 mM SiK®) and 5mM SiK® treatment than in 7.5mM and 10 mM SiK® concentrations  

(Fig. 4.1.3B and arrows a). The presence of these pathogenic structures in the xylem cells 

was responsible for the reduction of water translocation in the xylem vessels inducing 

their cavitation. Thus, water stress and, consequently, the death of the plants is the result 

of the action of this pathogen, as can be observed in the results showed in Fig. 4.1.2, 

where the percentage of surviving plants in the control treatment was only 30%. 

In addition, a high number of P. cinnamomi hyphae (Fig. 4.1.3C and arrows b) was 

detected in the cell walls of root tissues from the Si deprived plants (0 mM SiK®). Their 

presence was indicated by the strong black color in the cell wall of root tissues  

(Fig. 4.1.3C). In Si-fertilized plants, the number and intensity of these structures (hyphae) 

in the cortical parenchyma was lower than in the former plants, decreasing with the 

increase of SiK® concentration (Fig. 4.1.3C and arrows b). After 150 days P. cinnamomi 

inoculation, hyphae (Fig. 4.1.3C, arrows b) was identified in the cortical parenchyma and 

the oospores (Fig. 4.1.3B and arrows b) in the same tissue and also in the vascular cylinder 

in non-treated plants (0 mM SiK®), while in SiK® groups they were practically 

nonexistent inside the vessels. On the other hand, only in Si-treated plants it is possible 

to observe the presence of the amorphous silicon deposits (phytoliths), crystals with cubic 

form in cortex tissue next to endoderm, involving all the vascular cylinder (Fig. 4.1.3D 

arrows c). Data suggested a direct correlation between the Si contents (Tab. 4.1.1) and 

the number of phytoliths in chestnuts plants.  

The presence of phytoliths in the roots of inoculated plants appears to have a 

protective effect against pathogen penetration in the vascular system of plants 
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0 mM SiK® 5 mM SiK® 7.5 mM SiK® 10 mM SiK® 

Fig. 4.1.3 – Cross section of 0 mM,5 mM, 7.5 mM and 10 mM SiK® treatment chestnut roots at 150 days after P. cinnamomi infection, analyzing the degree of infection  

(n = 3)) (A), the presence and number of oospores (B), the occurrence of hyphae (C) and the presence of phytoliths (D). CP. Cortical parenchyma, VC. Vascular cylinder,  

E. Endoderm, arrow a. oospores, arrow b. hyphae, arrow c. phytoliths.  
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4.1.3.4 Evaluation of the effect of soluble silicon on the radial growth of  

P. cinnamomi  

Regarding the effect of different concentrations of Si on the growth of P. cinnamomi 

(Figs. 4.1.4 and 4.1.5), the results show significantly differences between Petri dishes 

contain Si (5 mM, 7.5 mM and 10 mM SiK®) in PDA medium and control (0 mM SiK®) 

with only PDA medium. Analyzing the Fig. 4.1.4 it can be observed that all Petri dishes 

containing Si+PDA didn’t present any growth of P. cinnamomi, demonstrating an evident 

percentage of inhibition (PI) of 100% at 24h after incubation while the control  

(0 mM SiK®) showed a faster growth of this pathogen, presenting therefore a PI of 70% 

(24h, Fig. 4.1.4).  

At 48h the 7.5 mM and 10 mM SiK® treatments, still maintain the total inhibitional 

against P. cinnamomi, showing a 100% of PI, followed by 5 mM and 0 mM SiK® 

treatments with 90 and 50% of PI, respectively (Figs. 4.1.4 and 4.1.5). As shown in  

Fig. 4.1.5 a great development of P. cinnamomi were observed in control and 5 mM SiK® 

treatments, while the high inhibition capacity was found in the highest concentration of 

Si applied in PDA medium (7.5 mM and 10 mM SiK®). Between 48h and 144h, the 

control treatment showed a reduction of 60% on PI comparatively to Si treatments  

(Figs. 4.1.4 and 4.1.5).  

 

 

 

 

 

 

 

 

Fig. 4.1.4 – Percentage inhibition (PI) against to P. cinnamomi development in control Petri dishes  

(0 mM SiK®) and Si+ PDA Petri dishes (5 mM, 7.5mM and 10 mM SiK®). The PI were measured at 24, 

48, 96, 144 and 288 h after incubation. Bars represent standard error. The results corresponded to twenty 

replications per treatment (n = 20).  
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In the current study, the soluble Si application was effective in inhibiting the growth 

of P. cinnamomi in vitro which was directly associated to the augment of Si 

concentrations applied, recording 50%, 80% and 90% of PI in 5, 7.5 and 10 mM SiK® 

treatments, respectively (Figs. 4.1.4 and 4.1.5). In these treatments was also noted that 

from early period of incubation (24h) the inhibition of growth P. cinnamomi is quickly 

manifested by the presence of Si in PDA medium, demonstrating a great ability to reduces 

the growth and development of this problematic oomycete.  

Data is consistent with the results obtained previously, indicating that the 

application of Si to soil can help to reduce thei propagation capacity of ink disease in 

chestnut plants.  

 

 

 

 

 

 

 

 

 

Fig. 4.1.5 - Growth inhibition of P. cinnamomi on PDA added with potassium silicate at four concentrations 

(0 mM, 5 mM, 7.5mM and 10 mM SiK®) at 48h after incubation. A. 0 mM SiK®, B. 5 mM SiK®, C. 7.5 

mM SiK®, D. 10 mM SiK®. (a) 48h; (b) 288h. 
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cinnamomi to infected the plants reducing the damage in cell membrane, while the 

untreated plants (0 mM SiK®) showed a significative augmented on MDA level in same 

time. 

 

Fig. 4.1.6 – Application of the different concentration of Si (0 mM, 5 mM, 7.5mM and 10 mM SiK®) on 

malondialdehyde (MDA) amount at 0, 15 and 30 days after inoculation by P. cinnamomi (n = 6). 

 

A similar trend was observed in H2O2 amount, the Si-treated plants (10 mM SiK®) 

recorded a significant decrease on this parameter, 37% at 15 days and 54% at 30 days 

after P. cinnamomi infection compared to Si-deprived plants (Fig. 4.1.7). At 15 days after 

inoculation the lower values of H2O2 amount were 0.410 and 0.390 mmol g–1 FM in plants 

treated with the highest concentrations of Si (Fig. 4.1.7).  

 

Fig. 4.1.7 – Effect of Si application (0 mM, 5 mM, 7.5mM and 10 mM SiK®) on hydrogen peroxide (H2O2) 

amount at 0, 15 and 30 days after inoculation by P. cinnamomi (n = 6). 
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Comparing the results between 0 and 30th day, the H2O2 content (Fig. 4.1.7) increased 

357% in Si-free plants while in Si-supplied plants (10 mM SiK®) recorded an increase of 

only 14%. These results suggest that Si application contributes to reduce the lipid 

peroxidation and oxidative stress in chestnut plants inoculated by P. cinnamomi.  

 

4.1.3.6 Total phenols compounds  

As shown in Figure 9, the Si fertilization increases the total phenol compounds (TP) 

content in response to P. cinnamomi infection, with an augment of 180% and 194% in 

7.5 and 10 mM SiK® treatments, respectively at 15 days after inoculation. At 30 days, the 

synthesis of TP was more significative, with an increase of 350% and 393% (Fig. 4.1.8) 

recorded by the chestnut plants treated with the highest concentrations of Si (7.5 and 10 

mM SiK®). Moreover, it is important highlight that the TP amount increased significative 

from 0,20 to 0.81 mg g-1 FM-1, between 0 and 10 mM SiK® treatments, representing an 

increase of about 305% at 30 days after P. cinnamomi infection (Fig. 4.1.8).  

 

Fig. 4.1.8 – The effect of Si application (0 mM, 5 mM, 7.5mM and 10 mM SiK®) on the total phenol 

compounds at 0, 15 and 30 days after inoculation by P. cinnamomi (n = 6). 
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the CAT activity in response to inoculation, recording an increase of 73% and 102% (10 

mM SiK®, Fig. 4.1.9A) at 15th and 30th day, while the control (0 mM SiK®) presented a 

reduction of 46% (15th day, Fig. 10a) and 64% (30th day, Fig. 4.1.9A). Similar tendency 

was observed in SOD activity (Fig. 4.1.9B), the Si fertilization influenced significantly 

the activity of this enzyme, conferring higher protection of the host plants against to this 

root diseases through improvement their defense system than control plants (0 mM SiK®).  

 

 

Fig. 4.1.9 – Activities of catalase (CAT) and superoxide dismutase (SOD) in untreated (0 mM SiK®) and 

Si-treated plants (5 mM, 7.5 mM and 10 mM SiK®)  at 0, 15 and 30 days after inoculation by  

P. cinnamomi (n = 4). A. CAT activity expressed as Units g−1 FM. B. SOD activity expressed as  

Units g−1 FM. 
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The SOD activity increased significantly in 7.5 mM and 10 mM SiK® treatments 

than control treatment (0 mM SiK®). As shown in Fig. 4.1.9B, in Si-treated plants  

(10 mM SiK®) was recorded a significant increase on SOD activity from 0.456 to 0.895 

Units g−1 FM between 0 and 15th day after inoculation, however in Si absent plants  

(0 mM SiK®) is observed an decrease from 0.443 to 0.244 Units g−1 FM. Furthermore, 

the values of SOD activity were significantly higher at 30th day than those in 0 day, 

increasing 198% in 10 mM SiK® treatment, while in untreated plants (0 mM SiK®) suffer 

a reduction of 62% (Fig. 4.1.9B). As shown in Fig. 4.1.9B, the SOD activity increased 

with time in all Si-treated plants by 30%, 50% and 70% for of 5 mM, 7.5 mM and 10 mM 

SiK® treatments, respectively, reached the highest amount at 30 days (Fig. 4.1.9B).  

 

4.1.4 Discussion 

The Si have a beneficial role in the protection of agricultural crops against diseases, 

however the effect of this element in chestnut plants against ink disease, was never 

approach, reason for why we decided investigated.  

The exogenous application of Si enhanced significantly the Si amount and 

promoted a greater absorption of N, P and K (Tab. 4.1.1) in chestnut plants, being these 

nutrients benefits to the growth and development of crops. Similar results were found by 

Pati et al. (2016) in rice plants. The improvement of mineral nutrition observed in Si-

treated plants demonstrates that Si application enabled the augment of the solubility and 

the absorption of the Si, N, P and K, as verified by Epstein (1999), Bekker et al. (2007a, 

2007b), Lima Filho and Tsai (2007).   

The increase of Si amount in Si-treated plants can be explained by the augment of 

Si availability in the soil and with the enhance of root system, stimulating the chestnuts 

to absorb more Si from soils.  These results are in accordance with Datnoff and Rutherford 

(2004), Lima Filho and Tsai (2007) who reported a significant increase in the percentage 

of Si accumulated in bermudagrass, wheat and oat leaves treated with the higher rates of 

calcium silicate.  

The resistance of plants to ink disease is generally determined by the greater or 

lesser ability of the host plant to limit penetration, development and/or reproduction of 
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this phytopathogen in their tissues after being inoculated by the invading agent (Gouveia 

and Abreu, 1994). 

The beneficial role of Si in plants is associates frequently to the decrease diseases 

intensity, by their translocation and accumulation in tissues (Pozza et al., 2015). Data 

showed a correlation between the inoculation of leaves (Figs. 4.1.1A and 4.1.1B) and 

roots inoculation method (Fig. 4.1.2). In this work, the 7.5 mM and 10 mM SiK® 

treatments demonstrated a greater resistance against P. cinnamomi inoculation by 

hindering and avoid the appearance of chlorosis in the leaf discs, promoting a larger 

percentage of free chlorosis discs, as well as a high survival rate (80%) compared to 

control treatment (30%), suggesting that Si contributes to the augment of resistance in 

chestnut plants against to ink disease. Consistently, the presence of Si in PDA medium 

reduces the radial growth of P. cinnamomi, presenting a PI of 90% at 288h (Figs. 4.1.4 

and 4.1.5), comparatively to Si-free plants that showed a PI of 0% in the same time. These 

results can be explained by the phytotoxic effect of Si, which increase with the rise Si 

concentration applied (Fig. 4.1.4 and 4.1.5). These findings confirmed previous studies 

of Ebrahimi et al. (2012) and Farahani et al. (2012 a, 2012b), who reported that addition 

of increasing concentrations of Si to PDA medium completely inhibited the mycelial 

growth of P. expansum and Candida membranifaciens in apple plants allowing the 

biocontrol of these pathogens. Additionally, Kaiser et al. (2005) referred that the 

application of SiK® in Petri dishes has the capacity to reduce the growth of P. cinnamomi 

in avocado and melon plants. 

The roots histopathology carried out allows to analyze and understand the state of 

the root tissues and the degree of colonization of these by P. cinnamomi infection in the 

different treatments under study (Fig. 4.1.3). In Si-fertilized plants were observed the 

accumulation of cubic amorphous Si bodies, denominated phytoliths (Yoshida et al., 

1962) in the root tissues. The observation of phytoliths with cubic form were also reported 

by Ma and Yamaji (2006) and Neethirajan et al. (2009) in grass plants. Phytoliths act as 

a mechanical barrier due to the silicified of cells lead to the augment the resistance of the 

cell wall difficulting the entry of the oomycete, its development and their respective 

colonization making their walls thicker and more rigid, being one of the explains to the 

reduced number of hyphae and oospores observed in root cuts from Si-treated plants 

compared to control, as also verified by Monteiro et al. (2017). The presence of oospores 

in infected root tissues has also been reported by other authors in avocado, soybean and 
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holm oak (Mircetich and Zentmyer, 1967; Ruiz-Goméz et al., 2012). These results 

suggest that the cell wall fortification of chestnut roots induced by Si-addition may be 

closely associated with the enhance of host resistance to ink disease. Indeed, plants treated 

with the highest concentration of Si showed a higher total phenols compounds (TP, Fig. 

4.1.8), a higher minerals content (Tab. 4.1.1) and a higher percentage of tolerant plants to 

ink disease than non-treated plants (Fig. 4.1.2). Similar results were also reported by 

Amaral et al. (2008) in coffee plants. 

Several authors also observed pathogenic structures (hyphae and oospores) in holm 

oak, Quercus suber (Ruiz-Gómes et al., 2015) and Quercus ilex (Ebadzad et al., 2015) 

infected with P. cinnamomi.  These findings are in accordance with the studies of Oh and 

Hensen (2007) in oregon ceder plants and Monteiro et al. (2017) in chestnut plants, who 

observed the presence of oospores inside phloem and xylem cells in non Si-fertilized 

plants (0 mM SiK®) and a very lower number in Si-treated plants (10 mM SiK®, Fig. 

4.1.3). Moreover, the high number of pathogenic structures (hyphae and oospores, Fig. 

4.1.3) are justified by oomycete’s need for nutrients increased after reaching the 

parenchymal cells of the central cylinder, allowing for faster growth and, finally, for 

expansion towards new unexplored root areas through vascular tissues (Ruiz-Gomés et 

al., 2015).  

Data also indicate that the augment in concentration of Si applied increase the 

number of phytoliths in plants tissues and consequently reduce the infection in root tissues 

by the oomycete responsible for ink disease. Similar results were found by Huang et al. 

(2011), who reported that Si reduce the damages of Fusarium crown in root tomato plants, 

indicating its ability to block the progression of the fungus.  

Relatively to the chemical defense proportionated by Si fertilization in chestnut 

plants, the CAT and SOD are considered important antioxidant enzymes responsible for 

the defense responses and are frequently associated with the reduction on the reactive 

oxygen species (ROS) in resistant plants against diseases, according to Sakr (2016). In 

the current study, Si application enhance significantly CAT and SOD activity (Fig. 4.1.9) 

after infection by P. cinnamomi, that suggesting the Si reduce the H2O2 amount and 

restricts the development of this pathogen by inducing synthesis of antioxidant enzymes 

and phenols compounds in host plants. CAT is an enzyme that decompose the H2O2 into 

water and oxygen (Song et al., 2016). In this context, the results demonstrated high CAT 

activity in Si-treated plants (Fig. 4.1.9A) lead to lower H2O2 amount in tissues than 
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control plants (0 mM SiK®, Fig. 4.1.9A). The extent of the damage caused by P. 

cinnamomi inoculation can be associated to the oxidative stress, the infection of chestnut 

plants by ink disease promote an accumulation of H2O2 (Fig. 4.1.7) and consequently, 

higher MDA amount (Fig. 4.1.6), the first product in membrane lipid peroxidation that 

allow to index the degree of injury to the cells.  

The beneficial effect of Si in CAT and SOD activity were also reported by Fortunato 

et al. (2012) and Schurt et al. (2014) in banana and rice plants against Fusarium wilt and 

Rhizoctonia solani, respectively.  

Data showed that the high SOD activity in Si-treated plants (Fig. 4.1.9B) reduced 

MDA level (Fig. 4.1.6), while the augment in CAT activity (Fig. 4.1.9A) decreased the 

H2O2 accumulation (Fig. 4.1.7), demonstrated that Si application as associated with their 

ability to resist biotic stress.  These results are in agreement with Mohaghegh et al. (2011) 

who reported that the Si addition in cucumber plants inoculation by P. melonis increase 

the CAT and SOD activity, enzymes involved in the plant-pathogen tolerance. 

The MDA and H2O2 amount (Figs. 4.1.6 and 4.1.7) in chestnut plants at 30 days 

after inoculation was significantly higher than 15 days, suggesting that the injury caused 

by P. cinnamomi increased with a prolonged infection period in plants. Our results 

reinforce that Si addition protects antioxidant enzyme system in chestnut plants helping 

to increase their resistance caused by ink disease infection. The Si-absent plants recorded 

a decline in CAT and SOD activity, while Si-treated plants exhibited higher values of this 

enzymes, indicating that these enzymes reduced the free radical damage and thus improve 

their resistance, because Si promotes the systemic acquired resistance defense, by plant 

signaling against pathogens and synthesis of defense compounds, reinforcing the previous 

studies of Lu et al. (2008),  Mohaghegh et al. (2011) and Fortunato et al. (2012) in 

asparagus, cucumber and banana plants, respectively. 

The present results demonstrate that the antioxidant enzyme activities improve with 

time after P. cinnamomi inoculation in 7.5 mM and 10 mM SiK® treatments. 

Additionally, the Si-treated plants recorded the highest levels of TP (Fig. 4.1.8), 

indicating that Si stimulate a quickly and efficient production of this compounds. Phenols 

in plants are important to their defense against this type of biotic stress by increasing their 

natural chemical defense. These results are supported by the researches of Chérif et al. 

(1992, 1994), who suggested that phenols increased in Si-fertilized cucumber plants after 

infection with Pythium ultimum, compared to control plants. Similar results were found 
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by Han et al. (2016) in rice plants, who reported that Si interacts with the defense-

associated signaling pathways and seems to regulate a range of physiological activities in 

plant stress defense. 

The highest TP content (Fig. 4.1.8) recorded by Si-supplied plants are consistently 

with the highest values of P. cinnamomi free leaf discs (67% and 72%) (Fig. 4.1.1A) and 

survival rate (80%) (Fig. 4.1.2). Furthermore, these metabolites promote defense of the 

chestnut plants and help to maintain the healthy root tissue resulting in the decrease of 

pathogenic structures (Fig. 4.1.3). The resistance of fertilized plants with SiK® against  

P. cinnamomi may be associated with the physical barrier, composed by phytoliths as 

mentioned before (Fig. 4.1.3C) and with the high phenol amount.  

The induction of antioxidant activity by the chestnut fertilization with Si may 

represent one of the mechanisms of action against the attack of P. cinnamomi. Several 

studies have shown that Si assists plants in defense against phytopathogens by inducing 

the defense reactions, biosynthesis of phytoalexins, enzymes and PR proteins (Song et 

al., 2016; Wang et al., 2017). 

The augment of plants defense by Si application has been associated to the increase 

of signaling components amount and the defense hormones (such as salicylic acid, 

jasmonic acid and ethylene), which are important to establish the plant’s innate immune 

system and are associated with resistance. Besides that, after perceiving a pathogen-

derived signal, the plant would create a faster and stronger immune response to the 

pathogenic agents, the prophylactic effect of silicon is considered to be the result of both 

passive and active defense (Van Bockhaven et al., 2013). In addition, Si also regulates 

the genes defense as referred by Ye et al. (2013), who suggest that silicon application in 

plants can facilitate the accumulation of inactive cellular proteins involved in signal 

transduction, such as mitogen-activated protein kinases (MAPKs), and lead to the rapid 

activation of these inert signaling components, thus increasing the host’s defensive 

processes and/or the speed with which they are activated. 

The Si-fertilized chestnut plants responded quickly and effectively to P. cinnamomi 

inoculation, rapidly activates the natural defense mechanisms of the host, and provides 

physical protection and chemical defense that help in increasing the resistance of plants 

to the attack of pathogen. 
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Data reveal that Si improve the physical and biochemical defense of chestnut plants from  

7.5 mM and 10 mM SiK® treatments which demonstrated more resistance against to this 

oomycete responsible by ink disease. 

The present research suggests that SiK® fertilization could be successfully used in 

control of ink disease and can represent a control method that is efficient, cost-effective 

and not harmful to the environment. For these reason is necessary the divulgation of the 

knowledge about Si to farmers in order to help control chestnut diseases, increase the 

resistance of their plants and consequently improve the chestnut fruits production and 

quality. 
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Capítulo 4.2 

The chestnut culture plays an important role in the 

economy and environmental sustainability of European 

countries, reason why its preservation from specific 

pathogen attacks is critical. Phytophthora cinnamomi 

Rands, is one of the most chestnuts devastating root rot 

pathogens. Silicon (Si) can play an important role in the 

protection of plants against pathogens attack. Accordingly, 

the aim of this work was to understand the fertilization 

effect with different silicon concentrations, in chestnut 

plants inoculated with the ink disease, using different 

microscopic analysis. As expected, singular details were 

observed with the different microscopic approaches, with 

electron microscopy having an important role in 

complementing and clarifying the light microscopy 

observations. Indeed, this is the first time that transmission 

electron microscopy has been used to describe  

P. cinnamomi in Castanea sativa roots. The results reveal 

the presence of hyphae in the extracellular spaces, and 

hyphae with vesicles, stromata and haustoria inside the host 

cells. The lowest degree of infection was recorded in plants 

treated with higher silicon concentration, suggesting that 

the Si helps to prevent infection of chestnut trees by ink 

disease. 
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The use of silicon as a protector against the ink disease in 

Castanea sativa: A microscopy approach 

Sandra M. Monteiro, Andreia Carvalho, Rosário Anjos, José Gomes-Laranjo and  

Teresa Pinto 

 

Abbreviations: CP – cortical parenchyma; CW – cell wall; Edm – electron-dense material; EM – 

electron microscopy; H – hyphae; Ht – haustoria; SEM – scanning electron microscopy; Si – silicon;   

SiK® - potassium silicate; TEM – transmission electron microscopy; VC – vascular cambium; Vs – vesicles. 

 

4.2.1 Introduction  

The European chestnut, Castanea sativa Mill., (Fig. 4.2.1) is spread by wide 

production areas in France, Greece, Italy, Portugal, Spain, Turkey and the United 

Kingdom. The chestnut culture plays an important role in the economy and environmental 

sustainability of these countries (Marinoni et al., 2013), reason why its preservation from 

specific pathogen attacks is critical. Global climate change associated to social changes 

and cultural development, are responsible for chestnut fruit production decline in 

Southern Europe, since these factors potentiate the emergence of heavily damaging 

diseases (Santos et al., 2014).  

 

Fig. 4.2.1 - European chestnut. 

 

The ink disease caused by an oomycete, Phytophthora cinnamomi Rands, is one of 

the most chestnuts devastating root rot pathogens. Indeed, this pathogen, originally from 
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the Southeast Asian tropics, is aggressive, being able to invade more than 3000 plant 

species around the world (Hardham et al., 2005) Considering its scientific and economic 

importance, the P. cinnamomi was recently included in the list of the 10 most relevant 

oomycetes in molecular plant pathology (Kamoun et al., 2015). 

Actually, besides chestnut, Phytophthora pathogen causes root diseases in oaks, 

eucalyptus and pines, as well as in several agricultural crop (Bush et al., 2016). The  

P. cinnamomi attacks the roots damaged as a consequence of the inadequate tillage  

(Dinis et al., 2011). Biochemical stimuli, released from the root injury, attract the 

zoospore that penetrate the root epidermis causing root rot, with necrosis of the tap root, 

which then extends to the lateral root and collar. The cinnamominus proteins that belong 

to the elicitin family, are segregated by P. cinnamomi, and seem to be involved in 

pathogen-host interaction. Horta et al. (2010) reported that the pathogenicity of  

P. cinnamomi was associated with the production of beta-cinnamomin acting as an 

aggressiveness factor. Quercus suber studies showed that the silencing of the beta-

cinnamomin gene drastically reduced the colonization in direct contact with P. 

cinnamomi (Horta et al., 2010). In this way, ink disease induces necrosis of cambial and 

xylem tissues, with the consequent water transport blockage. Corcobado et al. (2014) also 

recognized that the P. cinnamomi, besides altering water relations, is able to reduce 

nitrogen and phosphorus contents of leaves and modify the performance of Quercus ilex 

seedlings after infection. Because of that, wilting of leaves and dieback of young shoots 

can be observed in the ill chestnuts (Hardham et al., 2005; Epstein, 2009). Several studies 

have been carried out about the benefits of silicon (Si) in plants, especially under stress 

(Espstein, 2009; Liu et al., 2014; Liang et al., 2015). Si is the second most abundant 

element in soil, comprising about 29% of the Earth’s crust (Haynes, 2014). It is also 

considered an important nutrient in the protection of plants against pathogens attack, 

having a significant action on the growth and development of plants (Coskun et al., 2016) 

as well as in the protection against pests and diseases. Its action is associated with the 

mechanical barrier formed by the deposition of amorphous silica bodies in the plant’s 

tissues, mainly in the epidermal cell wall (Amiri et al., 2012). Data about the silicon effect 

on the chestnut are scarce and often inconclusive, due to the large number of variables 

involved. Nevertheless, the histopathology, using different stains to increase the contrast, 

is often used in the studies of the root rot, allowing the identification of the pathogen 

agent in the root tissues. At the cellular level, many studies often turn to electron 
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microscopy (EM), whether it is the scanning (SEM, scanning electron microscopy) or 

transmission (TEM, transmission electron microscopy) (Maia et al., 2012; Ruiz-Gómez 

et al., 2015). Thus, the use of different microscopic approaches may be useful to study 

the impact of silicon on the resistance of the chestnut plants to the P. cinnamomi. 

Accordingly, the aim of this study was to understand the effect of fertilization with 

different silicon concentrations, in chestnut plants inoculated with the ink disease, using 

different microscopic techniques. 

 

4.2.2 Material and methods 

4.2.2.1 Plant material and growing conditions  

Four potted lots with twenty plants of Castanea sativa Mill var. Sousã with six 

months of age, from the same tree growing in the Germobank of University of Trás-os-

Montes e Alto Douro (UTAD), Vila Real, Portugal (41° 17′ 20″ N, 7° 44′ 0″ W) were 

used. Plants were installed in the growing chamber, with 12h photoperiod, radiation  

1600 μmol(photon)m-2 s-1, 26 ºC, daily watered at plenty to field level capacity. 

 

4.2.2.2 Silicon treatments and inoculation with P. cinnamomi  

In three of the four plants lots, Si was applied as potassium silicate (SiK®), 

according to Ma and Takahashi (2002). The fourth group was considered control, without 

any SiK® application. Hence, the study was carried out within four treatments: 0 mM,  

5 mM, 7.5 mM and 10 mM SiK®. The Si solutions were adjusted to pH 6.9 using 30 M 

hydrochloric acid (HCl). Each plant was fertilized with 50 mL of SiK® solution which 

was directly applied to the soil. Two months after fertilization ten chestnuts plants of each 

treatment were inoculated with 50 mL of the P. cinnamomi inoculum. The P. cinnamomi 

isolate (IMI 340340) was selected due to its virulence in accordance with previous tests 

(Abreu et al., 1999). The high pathogenicity of this isolate in European chestnuts was also 

confirmed by Dinis et al. (2011). The inoculum was prepared for growth in potato 

dextrose agar (PDA) during 6 days, at 25°C, in the dark, and then applied to the soil. 

Roots sampling was performed thirty days after inoculation. With a scalpel, three cm of 
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primary root of each plant was cut. Subsequently, the secondary roots were removed from 

the root samples harvested.  

 

4.2.2.3 Histopathological analysis  

Samples for observation in optical microscopy were processed according to two 

different protocols, aiming to determine which of the two methods allow a better 

understanding of the differences among distinct silicon treatments. In the first, the 

O’Brien et al. (1964) method was followed, with some adjustments. After sampling, the 

roots were immediately placed in FAA solution (5% formaldehyde; 5% glacial acetic 

acid; 90% ethanol), according to the formulation described by Berlyn and Miksche 

(1976), during 48 hours. Then, samples were dehydrated in ascending ethanol series (70, 

80, 90, 95 and 100%), for 1 hour in each ethanol solution, followed by 100% xylol, for 1 

hour, and embedded in paraffin, at 60°C, for 24 hours. Thereafter, 5 µm thick sections 

were cut using a microtome (RMC Power Tome XL, Boeckeler Instruments, Inc., Arizona, 

USA) and placed on microscope slides. After paraffin removal and rehydration, the 

histological sections were stained with toluidine blue [0.1%, (p/v)], for 10 min. After that, 

the sections were mounted with a synthetic resin, Entellan (Merck, Darmstadt, Germany). 

In the second method, after sampling, the roots were also preserved in FAA solution 

during 48 hours. Thereafter, shoot cross sections, approximately 7 μm thick, were cut 

with a hand microtome, stained with carmine alum and iodine green (Deysson et al. 1965) 

and mounted with Entellan (Merck). Pictures were taken within an inverted optical 

microscope Olympos IX 51 (Olymps Optical Co., GmbH, Hamburg, Germany) associated 

to a digital camera (ColorViewIII, Soft Imaging System GmbH, Münster, Germany). 

 

4.2.2.4 Transmission electron microscopy  

According Bozzola and Russell (1998) methodology, sections (1-5 mm) of roots 

from each treatment were obtained and preserved in glutaraldehyde [2.5% (v/v) in 0.15 

mol/L sodium cacodilate buffer, pH 7.2] overnight, at 4 °C. After rinsing in buffer for 2 

h at 48C, they were post fixed, in a solution of osmium tetroxide [4% (w/v) in buffer, for 

24 hours, at 4 °C]. Samples were then washed in buffer for 10 min, dehydrated in graded 

ethanol series [50 (15min), 75, 90, 95 and 100% for 30 min each] and transferred to 
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propylene oxide. After a series of mixtures of propylene oxide and epon (3:1; 1:1; 1:3, 

for 1 hours each), samples were embedded in Epon at 60°C for 72 hours.  

 Semithin sections (obtained in an ultramicrotome RMC Power Tome XL) were 

stained with methylene blue. Ultrathin sections  (70-80 nm thickness) were cut with 

diamond knife (Diatome), collected on formvar-coated carbon-reinforced copper grids 

(TAAB), double stained with 5% aqueous uranyl acetate (10 min) and lead citrate 

(Reynolds; 5 min), and examined with a LEO 906E transmission electron microscope, 

operated at 60 kV.  

 

4.2.3 Results and discussion  

4.2.3.1 Chestnut tree root histology: toluidine blue vs carmine alum and iodine green 

 The root of chestnut tree have a secondary structure where it was possible to 

identify, from outside to inside, the bark, cortical parenchyma with fibers, secondary 

xylem and secondary phloem, constituting the plant transport system. The pith was also 

observed in the central cylinder (Fig. 4.2.2). 

 

Fig. 4.2.2 – Cross sections of the chestnut tree root. A) toluidine blue dye; Scale bar = 500 µm;  

B) combination of carmine alum and iodine green dye; Scale bar = 50 µm; 1-bark; 2-cortical parenchyma; 

3-fibres; 4-phloem; 5-xylem; 6-pith.  
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The bark plays a protective function, while the cortical parenchyma is a storage 

tissue in which it is often possible to observe fibers with support function. The xylem and 

phloem are the plants’ vascular tissues. The xylem transports water and minerals from 

roots to the different parts of the plant and the phloem transports organic compounds from 

the site of photosynthesis to other parts of the plant. The vascular cambium, a secondary 

tissue located between the xylem and phloem, is the source of both secondary xylem 

growth inwards, towards the pith, and secondary phloem growth outwards, to the bark. 

The central portion in the roots is called pith or medulla. It is made up of parenchymatous 

cells with intercellular spaces (Mauseth, 2017).  

Figure 4.2.2 shows cross sections of the chestnut plant root, stained with a single 

dye (Fig. 4.2.2A) and with double staining (Fig. 4.2.2B. Comparing the images, a 

significant difference in the richness of details is clearly observed between the two 

methodologies. Indeed, opposing to toluidine blue that stains all tissues in blue, the use 

of double staining methodology allowed an easier identification of the root histological 

structures, since the two dyes label different tissues. The carmine aluminized stains pink 

all tissues with cellulose in its cell walls, while the iodine green stains green the tissues 

that have lignin in the cell walls, i.e. fibers and xylem (Figueiredo et al., 2007). 

Accordingly, the fiber sheaths throughout the cortical parenchyma and the vascular 

tissues were easily identified in Fig. 4.2.2B, with the double staining. In fact, the toluidine 

blue stains all tissue blue, regardless of having lignin in cell walls or not. So, whenever it 

is necessary to accurately identify the different tissues and carry out its biometric 

evaluation, the double staining should be preferably used. 

 

4.2.3.2 Histopathological analysis – Si effect 

Si effect the degree of infection was evaluated through the amount of the pathogen 

structures in the chestnut roots, according to Ruiz-Gómes et al. (2015), and through the 

ability of the host plant to limit penetration of the invading agent (Lima Filho, 2005). In 

inoculated plants, hyphae with different morphological aspects were visible in internal 

cortical tissues and in vascular tissues, both intracellularly and in the intercellular spaces. 

Some hyphae were rounded with thin walls, while others were densely blue stained and 

irregular or thicker (Fig. 4.2.3A and Fig. 4.2.4). Frequently, ramified hyphal could be 

observed inside the host cells (Figs. 4.2.3A and 4.2.4A) and in the extracellular spaces. 
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Within some cells, pathogenic structures, like sporangia, were also detected. Sporangia 

are widely ellipsoid or ovoid and often have papillae (Fig 4.2.3B). 

 

 

 

 

 

 

 

Fig. 4.2.3 – Identification of pathogen structures in cross sections of the root cortex of an inoculated plant. 

A) Intracellular thin hyphae (arrows); B) Multinucleated sporangia (arrows) and intercellular hyphae 

(arrowheads); Stained with toluidine blue; Scale bar = 100 µm. 

 

The TEM images from sections of the cortical parenchyma revealed ramified 

hyphal inside the host cells (Fig. 4.2.4A, B).  

Besides hyphae proliferating through the host tissue, hyphal aggregations, with 

variable density and appearance, were also observed. These aggregations, recently 

identified as stromata (singular stroma), were distributed among several host cells, 

functioning as survival structures, when complete necrosis of the root occurs (Crone et 

al., 2013; Jung et al., 2013). In addition, in the cortical parenchyma, there were hyphae 

growing in the intercellular spaces. Previous studies in Quercus robur (Brummer et al., 

2002) showed the degradation of the host cell walls, including the middle lamella, 

probably due to the action of extracellular Phytophthora enzymes. Corroborating our 

results in Castanea sativa, those authors also observed the accumulation of electron-dense 

material in the plant cell wall, near to the future penetration site. Indeed, the ultrastructural 

evaluation of the infected roots allowed the detection of abundant vesicles inside some  

P. cinnamomi hyphae surrounded by electron-dense material (Fig. 4.2.4C). As reported 

by Ruiz-Gomés et al. (2015), the oomycete need of nutrients increases after reaching the 

parenchymal cells, allowing a faster growth and expansion towards new unexplored root 

areas through vascular tissues. Indeed, except for the xylem, numerous cell structure 

alterations were observed in the cortical parenchyma, phloem cells and cambium tissues. 

The fact that the secondary walls of xylem cells consist mainly of lignin, may explain 

A

) 

B 
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why the xylem is so resistant to P. cinnamomi (Hatakka, 2005). Similar results were found 

by Ebadzad et al. (2015), Ruiz-Gómes et al. (2015) and Redondo et al. (2015) in Quercus 

suber and Quercus ilex plants, respectively, infected with P. cinnamomi. Round, oval and 

in formation haustoria were observed in parenchymatous cells (Fig. 4.2.4D). The 

presence of haustoria suggests that P. cinnamomi grows biotrophically in some hosts 

(Crone et al., 2013). Studies in holm oak indicate that P. cinnamomi behaves as a biotroph 

in the early stages of root invasion, but when the root rot begin, the pathogen acts as a 

necrotroph Ruiz-Gómes et al. (2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.4 - Transmission electron microscopy photographies of the observed pathogen structures. A. 

Ramified hyphae inside the host cell (arrow) and the presence of stromata (St); Scale bar = 1000 nm; B. 

Hyphae (H) evidencing the presence of vesicles (Vs); Scale bar = 2500 nm; C. Intercellular growing hyphae 

(H), with vesicles, surrounded by electron-dense material (Edm); Scale bar = 500 nm; D. Hyphae with 

several haustoria (Ht) in two opposite cells, CW: cell wall; Scale bar = 1000 nm. 
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The inoculation impact on Si-fertilized and non-fertilized plants can be observed in 

the Fig. 4.2.5. Although pathogen structures were present in all samples, the degree of 

infection was lower in the plants treated with higher Si concentration. Indeed, in the Si-

fertilized plants, a decrease in the infection of cortical parenchyma and vascular cylinder 

tissues were observed. In the roots treated with 5 mM SiK®, a strong presence of the 

aggregations of spherical or hemispherical bodies were still observed the cortical 

parenchymal cells and vascular tissues (Fig. 4.2.5B). On the other hand, in roots treated 

with 10 mM SiK hyphae were seldom observed in the cortex and there was an almost 

absence of pathogenic structures in vascular tissues (Figure 4.2.5D and 4.2.6B). This 

suggests that fertilization with potassium silicate might reduce the incidence of the ink 

disease in chestnuts plants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.5 - Cross sections of the the chestnut root with the overview of the degree of infection by  

P. cinnamomi (arrows) in cortical parenchyma (CP), after inoculation and Si treatment: A. 0 mM SiK®;  

B. 5 mM SiK®; C. 7.5 mM SiK®; D. 10 mM SiK®; Scale bar = 500 µm. 
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As stated before (Epstein, 1999), the addition of SiK® to the plants seems to confer 

some resistance to P. cinnamomi, reducing significantly the symptoms caused by this 

disease. In fact, several beneficial effects have been attributed to silicon in plants, in 

particular, the improvement of plants mechanical and physiological properties (Ma et al., 

2001). 

One of the mechanisms by which silicon can confer resistance to disease is through 

its accumulation in the wall of the epidermis cells and in the cuticle, forming mechanical 

barriers to the pathogen penetration (Epstein, 1999). According Marafon and Endres 

(2011), the silicon accumulation increases the resistance of the cell wall, preventing the 

entry of the fungus and its development.  

Corroborating this, in the present study, the phytoliths, silicon crystal deposits, were 

observed in association with the fiber, in cortical parenchyma of the plants treated with 

SiK®, mainly in chestnut treated with the highest concentration of SiK®, 10 mM  

(Fig. 4.2.6C, D).  

 

Fig. 4.2.6 - Cross sections of the the chestnut root showing the degree of infection by  

P. cinnamomi in xylem (X), after inoculation and Si treatment: A. 0 mM SiK®; B. 10 mM SiK®. 

Intracellular hyphae (arrows) and sporangia (arrows heads). CP – parenchyma cells; VC – vascular 

cambium. Scare bar=100 µm; c) and d) evidence the presence of phytolith near the fibers (**) in the cortical 

parenchyma, after treatment with 10 mM SiK®; Scale bar = 20 µm. 

 

These deposits were not detected in the non Si-fertilized plant roots. Similar 

observations were made by Ma and Yamaji (2006). The authors also found phytolith with 

cubic shapes on grass plants treated with silicon. The results of this study are still in 
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accordance with the work carried out by Yoshida et al. (1965) where the plants treated 

with Si had a higher resistance to ink disease due to the presence of phytolith that acted 

as a mechanical barrier in the cell walls. Other researchers (Gillman et al., 2003, Amaral 

et al. 2008) showed similar results in rosehip and coffee plant. Moreover, it is important 

to note that, in addition to physical protection, Si also acts as a natural defense, promoting 

the production of phenolic antioxidant compounds (Hammerschmidt, 1005; Currie and 

Perry, 2007). 

 

4.2.4 Conclusions  

The double coloration allowed the thoroughly distinction of the diverse tissues 

present in the root, staining green the tissues that have lignin in the cell wall, and pink all 

the others. The toluidine blue dye proved to be more effective in the identification of the 

pathogen, showing the presence of different hyphal both, inside the host cells and in the 

extracellular spaces. The presence of phytolith, associated with the cortical parenchyma 

fibers, was observed in plants treated with the higher Si concentration. The transmission 

electron microscope allowed the detection of hyphae with vacuoles, hyphal aggregations 

and haustoria within parenchymatous cells. Although transmission electron microscopy 

has already been used to observe the degree of infection in some species, this is the first 

time that microscopy has been used to describe pathogenic structures occurring during 

infection of Castanea sativa by P. cinnamomi. The results also suggest that the Si helps 

to prevent ink disease in the chestnut trees, since it was noted that the higher amounts of 

phytolith in plants was associated with the lower attack P. cinnamomi. Thus, this work 

will improve further investigation of the P. cinnamomi interactions within the chestnut 

roots as well as the effect of the Si as a protect agent against this pathogen.  
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Chestnut is an important crop in Portugal, representing an 

important source of revenue for mountain regions in this 

country. However, it has been strongly affected by the 

chestnut blight, a severe disease with negative 

consequences to fruit production, since there is still no 

definitive solution to this problem. Silicon is considered a 

nutrient for agricultural crops by conferring resistance to 

plants under biotic stress conditions through the 

combination of a physical and chemical defense system to 

fight against pathological fungi which attack leaves, roots 

and stems. Based on these factors, this study evaluates the 

influence of SiK® on chestnut plants infected with 

Cryphonectria parasitica. Three concentrations were 

studied: 5 mM, 7.5 mM and 10 mM SiK®. 

Results showed that Si fertilization can reduce the disease 

severity and the mortality rate of chestnut plants. The supply 

of 7.5 and 10 mM SiK® on PDA Petri plates resulted in a 

total capacity of suppression (100% PI) of C. parasitica 

mycelium growth as opposed to the control Petri plates 

(PDA). These concentrations also increased the antioxidant 

enzyme activity, catalase (CAT) and superoxide dismutase 

(SOD) measured 60 days after the inoculation with the 

fungus. In addition, the SiK® application increased the total 

phenolic compounds (TP) and soluble proteins (SP) content, 

which occurred over time. Also increasing concentrations 

of SiK®, increased the tolerance of seedlings to C. 

parasitica. 

The present study indicated that Si fertilization may be used 

in the future as a control method against chestnut blight. 

Keywords: Cryphonectria parasitica, phytoliths, phytopathogen, resistance, silicon. 
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Effect of silicon fertilization on the tolerance of Castanea sativa 

Mill. seedlings against Cryphonectria parasitica Barr.  

Andreia Carneiro-Carvalho, Teresa Pinto, Helena Ferreira, Luís Martins,  

Catarina Pereira, José Gomes–Laranjo and Rosário Anjos 

 

Abbreviations: CAT – catalase; CP – Cortical parenchyma; E – Endoderm; EDS –  energy dispersive 

X-ray spectrometer (EDS); EDTA – ethylenediamine tetraacetic acid; FM – Fresh Mass; H2O2 – hydrogen 

peroxide; HCl – hydrochloric acid; MDA – malondialdehyde;  NaOH – sodium hydroxide; NBT – nitroblue 

tetrazolium chloride; PDA – potato dextrose agar;  Pht – phytoliths; PI – percentage of inhibition;  

ROS – reactive oxygen species; SEM – scanning electron microscopy; Si – silicon; SiK® - potassium 

silicate; SOD – superoxide dismutase; TBA – thiobarbituric acid; VC – vascular cylinder; X – xylem. 

 

5.1 Introduction 

The Castanea sativa Mill. belongs to the Fagaceae family and its cultivation in 

Portugal remains important for rural populations (Manetti et al., 2001), providing a 

lucrative economic activity for many regions, such as Trás-os-Montes. However, this 

species is considered threatened due to its sensitivity to various diseases, such as ink 

disease and chestnut blight, which are responsible for the decline of many chestnut 

orchards in several countries of the world.  

Cryphonectria parasitica Barr. is an ascomycete native of Japan, which was 

introduced into North America and Europe in the 19th and 20th Century, causing serious 

destruction in the chestnut orchards (Robin and Heiniger, 2001; Ghezi et al., 2010). In 

addition, it is considered an A2 quarantine organism in Europe by the European and 

Mediterranean Plant Protection Organization (EPPO, 2011; Aguín et al., 2011; Gouveia 

et al., 1994). This pathogenic agent infects branches and stems of C. sativa, causing the 

smooth bark of young branches to become reddish and sunken. The symptoms of this 

disease are the presence of yellow or orange-brown pycnidia stroma, formed on the shell 

tissue in advanced stages of the infection, and the necrotic areas formed by death of 

cambium and shell tissues (Heiniger and Rigling, 1994; Aksoy and Serdar, 2004). 

Conidia and ascospores of C. parasitica are spread through the wind and rain or 

transmitted by beetles and birds. In Portugal, the first reports were recorded in 1989. 
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Nowadays chestnut blight is one of the most important biotic stresses responsible for the 

high mortality of chestnut trees (Bragança et al., 2009; Gouveia et al., 2010).  

Silicon is an essential element involved in the metabolic, physiological and 

structural activity in higher plants exposed to stresses. It has been useful in protecting 

important crops and it might be an alternative to the excessive use of chemicals in 

agriculture (Anderson et al., 2005; Guntzer et al., 2012; Meena et al., 2014). Sahebi et al. 

(2015) found that Si is frequently associated with disease and to plants’ resistance to pests. 

This is due to the stimulation of biochemical responses, which play an active role in 

enhancing host resistance, by interacting with several key compounds of plant stress 

signalling systems (Ma and Yamaji, 2008). Many studies have shown that silicon can 

reduce approximately 40% of the severity of fungal diseases in cacao plants against 

Verticillium dahlia infection (Silva, 2016) and 52% in banana plants against Fusarium 

oxysporum (Fortunato et al. 2012a, 2012b). Si-fertilization can also reduce the progress 

of disease under asymptomatic fungal colonization, restricting the attack of a wide range 

of diseases (Sahebi et al., 2015). 

Several studies have also demonstrated the ability of silicon to suppress diseases in 

wheat, watermelon, banana and eucalyptus plants, through the induction of 

phenylpropanoid and terpenoid pathways, by increasing the activities of defense enzymes 

and by the fast and strong transcription of genes involved in host defense (Rodgers-Gray 

and Shaw, 2004; Santos et al., 2010; Fortunato et al., 2012 a; Silva et al., 2016,). 

Si represents a key component of the soil-plant system with a significant role in a 

plant’s life, especially in improving tolerance to abiotic and biotic stresses (Debona et al., 

2017; Wang et al., 2017). 

The aim of this study was to evaluate the effect of SiK® fertilization in increasing 

the tolerance of chestnut plants against Cryphonectria parasitica infection.  
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5.2 Material and methods 

5.2.1 Plant material and growing conditions 

The chestnut seeds (Castanea sativa Mill var. Sousã) used in this study were 

obtained from the Germobank of University of Trás-os-Montes e Alto Douro (UTAD), 

Vila Real, Portugal (41° 17′ 20″ N, 7° 44′ 0″ W).  

All seedlings were transferred individually to 1-L pots, filled with a 2:1 mixture of 

turf and perlite. Plants were kept inside a grow chamber under controlled conditions 

(photoperiod 12h light/8h dark; temperature 25ºC day/night; humidity 70%; light 

intensity 1600 μmol(photon)m-2 s-1 and watered daily in a plentiful manner) for the 

duration of the experiments (80 days). The position of the pots was changed weekly to 

avoid a position effect in the growth environment. 

 

5.2.2 Silicon Treatments  

The experimental design used was entirely randomized, with four treatments:  

0 mM, 5 mM, 7.5 mM and 10 mM SiK®. Silicon fertilization was performed  two months 

after potting the plants, by applying 50 mL of SiK® solution directly into the soil, 

according to Carneiro-Carvalho et al. (2017). Forty replications per treatment were 

prepared. 

In the experiment of Si+PDA, different levels of Si (0 mM, 5 mM, 7.5 mM and  

10 mM SiK®) were applied in a PDA medium. 

 

5.2.3 Si content in leaf tissue 

Samples were analyzed using the method of Korndörfer et al. (2004) with three 

replications per treatment (n = 4).  
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The extraction process of Si from the samples was done by oxidation of the organic 

matter, followed by the carbon removal from the vegetable tissue by digestion, using 

hydrogen peroxide. Briefly, 0.1 g of leaves were added to 2 mL of peroxide of hydroge 

(H2O2) and 3 mL of sodium hydroxide (NaOH) and mixed in vortex. After that, the 

samples were placed in a water bath for 1h and lastly, they went to the autoclave for 1h. 

Subsequently, they were added to 1 mL of extract, 19 mL of distilled water, 1 mL of 

hydrochloric acid (HCl) and 2 mL of ammonium molybdate and shaken. After 10 

minutes, 2mL of oxalic acid was added. Samples were read on the spectrophotometer at 

410 nm (Carneiro-Carvalho et al., 2017).  

 

5.2.4 Sensibility tests to chestnut blight 

The inoculation was made using the C. parasitica, strain UTAD 76, and it was 

performed on leaf discs and on stems 30 days after SiK® fertilization (Fig. 5.1).  

On leaf discs  

The inoculation of leaves with C. parasitica was carried out according to Gouveia 

and Abreu (1994), with some adaptations. The discs were placed in Petri dishes on a damp 

tissue paper. On the top of each leaf disc, an 8-mm diameter disc of PDA inoculated with 

C. parasitica was placed, as described earlier. In this study, six leaves of each treatment 

from the non-inoculated plants were used. The middle part of each one of the 3 discs with 

a 2 cm diameter was punched, including the central vein.  

The observations were carried out daily over a period of 7 days and the appearance 

of chlorosis in leaf discs was recorded. 

 

Stem inoculation 

The inoculation was made in the stem of 20 plants per treatment. A T-shaped 

incision was made, where ia 0.5-mm PDA inoculated disc was inserted and wrapped with 

cotton and parafilm. The cotton was kept wet for 15 days to create favorable conditions 

for the development of the pathogenic agent. In this study, the plants were monitored 
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fortnightly during 80 months by evaluating the development of the necrosis area after the 

inoculation and by recording their average length. 

 

 

 

 

 

 

Fig. 5.1 – Flow diagram of the main aspects of the C. parasitica study. 

 

5.2.5 The effect of soluble silicon on the mycelial growth of C. parasitica 

The present methodology was used by Bekker et al. (2009). Sterilized solutions 

with different concentrations of Si (5 mM, 7.5 mM and 10 mM SiK®) were added to 

autoclaved PDA culture for Si+PDA medium, by mixing 200 mL of each SiK® solution 

with 350 mL of PDA. The Si+PDA solutions were mixed with magnetic stirrers to ensure 

the distribution of SiK®. These solutions were decanted into sterilized Petri dishes, 

according to Kaiser (2005). Control Petri dishes were also previewed with the PDA 

medium (-Si).  

Square pieces with 15-day old, 1-mm sides of PDA- C. parasitica were transferred 

to the centre of the Petri dishes (90 mm in diameter) containing Si+PDA or to the control 

plates (PDA) to evaluate the direct effect of the different concentrations of  SiK® on the 

growth of C. parasitica. Twenty replicates for each treatment were done.  
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The Petri dishes from all treatments were incubated at 25ºC. The evaluations were 

carried out by measuring the daily diameter of C. parasitica, ending when the control 

colonies reached the entire surface of the Petri plate. The percentage of inhibition (PI) 

was used to calculate the colony diameter growth of the pathogenic agent, according to 

the formula below (Ebrahimi et al., 2012): 

PI= (C-I)/C *100% 

PI – Percentage of mycelial growth inhibition  

C – Diameter of mycelial growth in the control treatment (Si) 

I – Diameter of mycelial growth of Si treatment 

 

5.2.6 Histopathology analysis 

Optical microscopy 

The cross and longitudinal sections of the chestnut stem were obtained from 

inoculated plants of 5 mM, 7.5 mM and 10 mM SiK® treatments at 120 days after 

inoculation with C. parasitica. The fragments were placed in an FAA solution (5% 

formaldehyde; 5% glacial acetic acid; 90% ethanol) for 48 hours, and subsequently 

dehydrated with increasing concentrations of alcohol (70, 80, 90, 95 and 100%), for 1 

hour in each ethanol solution. Then, the samples were place in 100% xylol for 1 hour and, 

finally, embedded in paraffin at 60°C, for 24 hours (Monteiro et al., 2017). After that, 5- 

µm thick cross-sections of the stem were obtained using a rotary microtome (RMC Power 

Tome XL, Boeckeler Instruments, Inc., Arizona, USA) and placed on histological slides. 

Later, they were stained with a solution of 0.1 % (p/v) toluidine blue-O solution to 

highlight vegetative tissues and pathogenic structures (ascospores and hyphae), as well 

as to identify phytoliths (Monteiro et al., 2017; Carneiro-Carvalho et al., 2017). 

All the images of the stem samples were taken within an inverted optical 

microscope Olympus IX 51 (Olympus Optical Co., GmbH, Hamburg, Germany) 

associated to a digital camera (ColorViewIII, Soft Imaging System GmbH, Münster, 

Germany). 
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SEM microscopy 

The SEM images presented in this study were obtained from four samples per 

treatment, containing different tissue types: the cortical parenchyma and the vascular 

tissue system, xylem and phloem.  

The observation of phytoliths on the bark of the chestnut stem was done with a 

scanning electron microscopy (FEI QUANTA SEM/ESEM), with an accelerating voltage 

of 20kV, 5 TORR (666.6 Pa) of pressure in the chamber and a magnification of 1000x. 

The percentage of silica deposition was analyzed with an energy dispersive X-ray 

spectrometer (EDS), combined with the microscope at a magnification of 1000x. Prior to 

the X-ray analysis of Si, the stem chestnut samples were dehydrated in desiccators. 

Thereafter, leaf segments (1 × 1 cm) were mounted on aluminum double-sided tape and 

coated with colloidal gold in a Sputter Coater apparatus coupled with a Freeze Drying 

Unit, as described by Cruz et al. (2015).  

 

5.2.7 Determining the amount of malondialdehyde and hydrogen peroxide  

The malondialdehyde (MDA) amount was quantified by the reaction of the 

thiobarbituric acid (TBA), determined from the absorbance at 532 nm, followed by a 

correction for the non-specific absorbance at 600 nm, using an extinction coefficient of 

155 mM-1cm-1 , as described by Farooq et al. (2013).  

The amount of hydrogen peroxide (H2O2) in the leaves was determined according 

to the method of Gong et al. (2005). The absorbance was measured at 390 nm and the 

H2O2 level was quantified by using the extinction coefficient of 0.28 µmol-1cm-1  

(Mandal et al., 2013). 

These measurements were held fortnightly, between 0 and 60 days after inoculation, 

and were replicated 6 times per treatment. 

 

 

 



208 

 

5.2.8 Measurement of antioxidant activity 

For the catalase (CAT) assay the method for extracting this enzyme was adapted by Wu 

et al. (2014), where 100µL enzyme extract was added to a solution of 10 µL of hydrogen 

peroxide (H2O2 and 1.80 mL of phosphate buffer with ethylenediamine tetraacetic acid 

(EDTA) (pH 7.5). The activity of CAT was measured by the Clark type O2 electrode 

connected to an appropriate register. The apparatus used for measuring the release of O2 

was Oxy-Lab Hansatech and the activity was expressed as Units g−1 FM.  

The superoxide dismutase (SOD) activity was determined according to the 

methodology of Roohizadeh et al. (2014). The reaction mixture contained 50 mM of 

potassium phosphate buffer (pH 7.8), 1.3 mM riboflavin, 0.1 mM EDTA. 13 mM 

methionine, 63 mM of nitroblue tetrazolium (NBT), 0.05 M sodium carbonate (pH 10.2) 

and enzyme extract. The photoreduction of NBT was measured at 560 nm. 

These measurements were taken fortnightly between 0 and 60 days after the 

inoculation and were replicated 6 times per treatment (n = 4). 

 

5.2.9 Quantification of the total phenolic compounds  

The total phenolic content was spectrophotometrically determined by the  

Folin-Ciocalteu’s procedure of Singleton and Rossi (1965), by using the alcoholic extract 

of the photosynthetic pigments. The absorbance of these compounds was quantified at 

795 nm. These measurements were done fortnightly between 0 and 60 days after 

inoculation and the analysis was supported by being replicated 6 times per treatment  

(n = 6). 

 

5.2.10 Statistical analysis 

Significant differences (P≤0.05) between treatments and within the same treatment 

were evaluated by Tukey’s test. Statistical analysis was performed using Excel 

(Microsoft) and Statistica version 10. 
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5.3 Results 

5.3.1 Si content in leaf tissue 

Table 1 presents the Si content in leaves from Si-treated plants and untreated plants  

(0 mM SiK®) at 30 days and at 110 days after Si fertilization. Data showed that after 30 

days of SiK® fertilization, the Si content in leaf tissue of chestnut plants significantly 

enhanced from 2.00 mg Si.g-1 to 3.16 mg Si.g-1, representing an increase of 58%  

(Tab. 5.1). In addition, at 110 days, the results show a similar tendency.  

 

Tab. 5.1 – Content of silicon (Si, mg Si.g-1) in chestnut leaves from 0 mM, 5 mM, 7.5 mM and 10 mM 

SiK® treatments (n = 4) 

 

 Time 

Treatment  30 days 110 days 

0 mM SiK® 2.00 c 2.85 b 

5 mM SiK® 2.57 b 3.49 a 

7.5 mM SiK® 2.92 a 3.66 a 

10 mM SiK® 3.16 a 3.82 a 

 

*Values, within lines, with different letters are significantly different (Tukey’ test P 0.05). 

 

Plants treated with the higher concentrations of Si (7.5 mM and 10 mM SiK®) 

showed an increase in the Si content, by 28% and 34% respectively, when compared to 

plants without the Si treatment (0 mM SiK®). Moreover, the increase in the Si content 

was proportional to the concentration of Si applied, presenting 3.49, 3.66 and 3.82 mg 

Si.g-1 in 5 mM, 7.5 mM and 10 mM SiK® treatments, respectively on the 110th day after 

SiK® application  (Tab. 5.1). Comparing the Si amount between 30 and 110 days, the Si 

content improved within this period, with the higher values recorded by Si-treated plants, 

from 3.16 (30 days) to 3.82 mg Si.g-1 (110 days) on the 10 mM SiK® treatment (Tab. 5.1). 
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5.3.2 Sensibility tests to chestnut blight 

In this study, the mean onset time (h) for chlorosis in leaf discs (Fig. 5.2A) and the 

percentage of leaf discs free from C. parasitica were assessed daily after the inoculation 

of chestnut plants. (Fig. 5.2B). 

 

 

Fig. 5.2 - Effects of Si fertilization on the sensibility tests in chestnut leaves discs to C. parasitica 

inoculation (n = 10). A – The mean onset time (h) for chlorosis in leaf discs from all treatments (0, 5, 7.5 

and 10 mM SiK®). B - The percentage of leaf discs free from C. parasitica. Values with different letters 

are significantly different (Tukey’ test P 0.05). 

 

In Si-fertilized plants (7.5 mM and 10 mM SiK®), the first signs of infection by  

C. parasitica appeared only 475 h and 400 h after inoculation, while plants without Si  

(0 mM SiK®) showed symptoms of infection after 200 h, being twice as long, which is 

considered a very significant difference (Fig. 5.2A). 
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These results are in coherence with those presented in Figure 2B, which shows an 

increase in the percentage of leaf discs free from C. parasitica in Si-fertilized plants. The 

major percentage of discs free of chlorosis was found in 10 mM SiK® (90%) treatment 

followed by 7.5 mM SiK® (80%) while non Si-fertilized chestnuts (0 mM SiK®) showed 

0% (Figure 5.2B), demonstrating that this percentage rose with the increase of  

Si concentrations applied to chestnut plants. Moreover, the leaves from plants without Si   

(0 mM SiK®) showed strong chlorosis, compared to the Si-fertilized plants. Also, the 

increase of SiK® concentration from 5 mM to 10 mM SiK® resulted in a 60% increase in 

chlorosis-free leaves (Fig. 5.2B). 

 

5.3.3 Evolution of necrosis and mortality analysis 

The effects of the stem inoculation with C. parasitica on chestnut plants were 

evaluated based on the development of the disease (necrosis) (Fig. 5.3A) and the mortality 

rate (Fig. 5.3B). 

As shown in Fig. 5.3A, the necrosis development was 90 cm on plants without Si 

(0 mM SiK®) comparatively to only 3 cm in Si-treated plants (10 mM SiK®), representing 

a reduction of 97% (Figure 5.3A) at 80 days after inoculation. Additionally, the infection 

symptoms (necrosis) appeared only 15 days after inoculation in untreated plants (0 mM 

SiK®) and increased between 0 and 80 days after C. parasitica inoculation, while in 10 

mM SiK®-fertilized plants emerged with a lower incidence only after 70 days of 

measurements and then it stabilized, demonstrating a significant difference (Fig. 5.3). The 

present results also showed that the Si concentration applied was directly related to the 

gradual decrease in the development of necrosis in chestnut plants, growth was 45 cm in 

5 mM SiK® treatment, about 11 cm in 7.5 mM SiK® and 3 cm in 10 mM SiK® at 80 days, 

while in the untreated plants (0 mM SiK®), it reached values of 90 cm (Fig. 5.3A). 

Regarding Fig. 5.3B it describes the mortality rate by C. parasitica inoculation in 

chestnut plants after 80 days for all treatments under study. Data suggest SiK®-supplied 

chestnuts at the concentrations of 7.5 mM and 10 mM, contributed to a huge decline in 

the mortality rate by chestnut blight, with 90%, showing the lower values after 80 days, 

only 10%, compared to plants without Si (100%). This constitutes a significant difference, 
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suggesting that the presence of SiK® in the plants increased their rate of survival  

(Fig. 5.3B).  

 

 

 

Fig. 5.3 – Effects of Si application in stems of chestnut plants by C. parasitica inoculation.  

A – Development of necrosis (cm) induced by the inoculation of stems throughout 80 days from all 

treatments (0 mM, 5 mM, 7.5 mM and 10 mM SiK®). B - The percentage of mortality from inoculation in 

chestnut plants throughout 80 days (n = 10).  

 

The mortality rate due to chestnut blight (Fig. 5.3B) decreased by 30% as the 

concentration of SiK® increased from 5 mM (40%) to 10 mM (10%). Additionally, data 

showed that the Si-free plants began to die 15days after the inoculation, while in 7.5 and 

10 mM SiK® treatments this occurs only on day 60 and 70, respectively. It demonstrates 

silicon's ability to increase tolerance to this disease, reducing the colonization by  
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C. parasitica infection in Si-treated plants and decreasing the development of necrosis in 

vegetal tissues. Comparing Figure 5.3A to 5.3B, it’s possible to observe that 7.5 mM and 

10 mM SiK® fertilization is very effective in reducing the incidence of necrosis and, 

consequently, the mortality rate induced by C. parasitica.  

 

5.3.4 Evaluation of the effect of soluble silicon on the mycelial growth of  

 C. parasitica 

The effect of different concentrations of Si on the growth of C. parasitica is shown 

in Fig. 5.4. The maximum capacity of inhibition (100%) was recorded in Si+PDA Petri 

dishes on the 1st day, while the control (PDA) didn’t present any percentage of inhibition 

(PI) (Fig. 5.4). A similar effect was observed on the 12th day for the 7.5 mM and 10 mM 

SiK®+PDA Petri dishes, which maintained a PI of 100% because they didn’t have any  

C. parasitica growth (Figs. 5.4 and 5.5B).  

 

 

Fig. 5.4 –The effect of different concentrations of Si (0, 5, 7.5 and 10 mM SiK®) on PDA culture medium 

in percent inhibition (PI) of C. parasitica. The PI were measured at 1, 2, 3, 4, 6 and 12 day (d) after 

incubation with ten replications per treatment. Identical small letters mean non-significant differences 

between different Si-treatment and identical capital letters mean non-significant differences inside the same 

Si-treatment according to the Tukey’s test (P≤0.05). Vertical bars represent the standard error (SE)  

(n = 20). 
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The control (PDA) presented a PI of 0%, reaching an intense development, with the 

occupation being clearly visible in all the Petri dishes (Fig. 5.5B), suggesting that this 

pathogen is very sensitive to the presence of Si in the culture medium (Figs. 5.4 and 5.5B). 

When comparing the results between the 1st and 12th day (Fig. 5.4) in 5 mM SiK® 

treatment, it can be observed that there was a gradual reduction on the PI, from 100% (1st 

day) to 60% (12th day). However, the growth of C. parasitica only began on the 3rd day 

and stabilized on the 6th day after incubation, indicating a greater capacity to reduce the 

development of this pathogen responsible for chestnut blight (Figs. 5.5A and 5.5B) by 

preventing the entire colonization of the Petri dishes, as shown in Fig. 5.5B.  

On the other hand, on control plates (PDA) the C. parasitica started to grow after 

the 1st day and reached all the plates colonized on the 12th day, indicating a development 

higher and faster than the 5 mM SiK® treatment (Fig. 5.4).  

 

 

 

 

 

 

 

 

Fig. 5.5 - Mycelial grown of C. parasitica in response to 0 mM (A), 5 mM (B), 7.5mM (C) and 10 mM 

SiK® (D) application on PDA on the 1st day after incubation (a) and 12 days after incubation (b). 

 

5.3.5 Histopathology analysis 

Figure 5.6 demonstrates the degree of infection by C. parasitica in stems of chestnut 

plants with concentrations of SiK®, 0, 5, 7.5 and 10 mM. The degree of infection by  

C. parasitica was evaluated not only by the number of pathogen structures (ascospores 

and hyphae) in the cortical parenchyma (CP) and xylem (X) stem cells, but also by the 
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responsiveness of the host plant to the infection, according to the treatment to which it 

was subjected. The presence of hyphae was detected in CP (Fig. 5.6 A) and X (Fig. 5.6 

B), always in extracellular spaces, along with the cell walls (Fig. 5.6 A, B and 

arrowheads), presenting a darker color, some of which are thinner, while others are 

thicker. In this study, the ascospores present a circular/ovoid form and have a nucleus 

inside them (Fig. 5.6 A, B and arrows).  

In the stems of 5 mM SiK® treatment, a higher presence of the aggregations of 

ascospores can be observed, as well as some hyphae in CP (Fig. 6 B, arrows and 

arrowheads) and X (Fig. 5.6 B, arrows and arrowheads), being more numerous in the 

cortical tissues. In contrast, in stems of 10 mM SiK® treatment, there were almost no 

pathogenic structures present in either tissue, CP (Fig. 5.6 B, arrows and arrowheads) and 

X (Fig. 5.6 A, arrows and arrowheads). Moreover, Si-treated plants present phytoliths 

(Pht, Fig. 5.6 C and 5.7), silica crystals with a perfect cubic form next to xylem, which 

was aligned and grouped into two or more rows. However, no Pht was found on stems of 

non-Si-fertilized plants. On the other hand, the amount of Pht increases proportionally as 

SiK® concentration increases, with the highest number of Pht observed in 7.5 and 10 mM 

SiK® treatments, as shown in Fig.  5.6 C.  
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Fig. 5.6 – Optical Microscopy micrographs of the cross sections of chestnut stems inoculated by C. parasitica and treated with different SiK® concentrations (0,, 5, 7.5 and 10 

mM SiK®) present the degree of infection in the xylem (A) and in the cortical parenchyma (B) by the presence and number of ascospores (A, B), the occurrence of hyphae (A, 

B) and the presence of phytoliths (C). X. Xylem, CP. Cortical parenchyma, VC. Vascular cylinder, arrows. Ascospores, arrowheads. Hyphae, Pht. amorphous silicon deposits 

(phytoliths) near the xylem. Transverse (B) and longitudinal (A, C) cuts stained with toluidine blue. Scale bar = 50 µm. (n = 5) 

0 mM SiK® 5 mM SiK® 7.5 mM SiK® 10 mM SiK® 
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Fig. 5.7 A and B show the deposits of silicon (phytoliths, Pht) in the cross section 

of the stem 80 days after inoculation by C. parasitica. The quantitative analysis of the X-

ray spectra of the stem surface of 10 mM SiK® plants is presented in Fig. 5.7 C and D, 

corresponding respectively to Fig. 5.7 A and B,  to provide a broad view. It is possible to 

notice the higher number of phytoliths in 10 mM SiK®, around the place where the 

inoculation with C. parasitica was performed. The data of this study are consistent with 

lower rates of infection, indicating that the Si application in chestnut plants causes an 

increase in the amount of Pht (Figs. 5.6 C and 5.7 A, B) deposited around the incision 

zone of C. parasitica infection. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 – Scanning Electron Micrographs from cross sections of stems of 10 mM SiK®-treated plants, 

infected with C. parasitica after 80 days. A and B (n = 3). Stem bark of 10 mM SiK®-treated plants. C and 

D. X ray spectra of A and B respectively. The scale bar represents 50 µm. Deposits of silicon (arrows) in 

the A and B micrographs. 
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5.3.6 Determining the amount of MDA and H2O2  

The influence of Si application on MDA and H2O2 contents was investigated 

between 0 and 60 days after inoculation by C. parasitica, as showed in Figures 5.8 and 

5.9. It is possible to verify that Si application significantly reduced MDA and H2O2 

contents, in the presence of C. parasitica. 

 

Fig. 5.8 – Effect of C. parasitica infection on MDA content of leaves from plants treated with 0 mM, 5 

mM, 7.5 mM and 10 mM SiK® concentrations between 0 and 60 days after the inoculation. Identical small 

letters mean non-significant differences between different Si-treatment and identical capital letters mean 

non-significant differences inside the same Si-treatment according to the Tukey’s test (P≤0.05). Values are 

mean, and the vertical bars represents SE based on three replicates (n = 6).  

 

MDA is an indicator of lipid peroxidation and its increase is associated with the 

membrane lipid injury induced by the Reactive Oxygen Species (ROS) (Schurt et al., 

2014). The present research indicates that the oxidative damage increased significantly 

as a result of the inoculation by this ascomycete. The MDA content increased at 15 days 

from 0.40 to 0.70 𝜇mol g−1 FM (75%) (Fig. 5.8) and the H2O2 content increased from 

0.40 to 0.70 nmol g−1 FM, representing an increase of about 40% (Fig. 5.9) in control 

treatment (0 mM SiK®). However, in the Si- treated plants (10 mM SiK®), the MDA 

amount rose from 0.31 to 0.37 𝜇mol g−1 FM (19%) and the H2O2 content increased 3% 

(0.30 to 0.31 nmol g−1 FM). A similar tendency was observed at 30 days after the 

inoculation, when the untreated plants showed an increase in the amount of MDA, from 
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0.40 to 0.74 𝜇mol g−1 FM (85%) (Fig. 5.8) and 46% (0.50 to 0.73 nmol g−1 FM) in the 

H2O2 content (Fig. 5.9), while in the Si-treated plants, the MDA content increased from 

0.32 to 0.38 𝜇mol g−1 FM, an increase of only 19% (Fig. 5.8) and 7% (0.30 to  

0.32 nmol g−1 FM) in the amount of H2O2 (Fig. 5.9). 

As shown in Figs. 5.8 and 5.9, control plants (0 mM SiK®) showed a gradual 

increase in the oxidative damage, with a time-of-infection progress of 97%, an increase 

from 0.40 to 0.79 𝜇mol g−1 FM, while the H2O2 amount (Fig. 5.8) rose from 0.40 to 0.77 

nmol g−1 FM (93%) (Fig. 5.9) on the 60th day. In contrast, the Si-fertilized plants 

demonstrated a great ability to limit the accumulation of H2O2, protecting the vegetal 

tissues from oxidative stress, by reducing the H2O2 content from 0.76 nmol g−1 FM (0 mM 

SiK®) to 0.32 nmol g−1 FM (10 mM SiK®), a drop of about 138%, and decreasing the 

peroxidation lipid by about 119% from 0.79 𝜇mol g−1 FM (0 mM SiK®) to 0.36 𝜇mol g−1 

FM (10 mM SiK®) on the 60th day. Therefore, the accumulation of H2O2 and MDA in 

plants after C. parasitica inoculation were positively affected by the increase in the Si 

concentration applied to chestnut plants from 0 to 10 mM SiK® (Figs. 5.8 and 5.9), 

presenting a significant reduction on the 60th day.  

 

  

Fig. 5.9 – The H2O2 content in chestnut leaves between 0 and 60 days under biotic stress (chestnut blight) 

for the following treatments under study: 0, 5, 7.5 and 10 mM SiK®. Values are mean and the vertical bars 

represents SE based on three replicates (n = 6). Lowercase letters differ significantly according to the 

Tukey’s test (P≤0.05) between different Si-treatment, while uppercase letters differ significantly according 

to the Tukey’s test (P≤0.05), inside the same Si-treatment. 
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The current study showed that Si fertilization decreases the H2O2 level, from  

0.656 nmol g−1 FM (5 mM SiK®) to 0.308 nmol g−1 FM when the concentration of SiK® 

applied in plants increased from 5 mM to10 mM SiK®. However, C. parasitica induced 

the accumulation of H2O2 in the leaves of plants without Si. The present results indicate 

that the Si application in the plants decreased the content of H2O2 remarkably, and 

consequently that of MDA, after infection by C. parasitica.  

 

5.3.7 Antioxidant activity 

CAT and SOD are important ROS scavenging enzymes with several physiological 

functions in cell activity and with a central role in cell adaptive responses, protecting it 

from the toxic effects of H2O2 and lipid peroxidation (Siddique et al., 2014; Weerahewa 

and Somapala, 2016). 

The results represent the mean expression ratio of three times: 0, 15 and 60 days 

after C. parasitica inoculation. At 0 days, there is no significant difference between 

untreated plants (-Si) and Si-supplied plants with regards to CAT and SOD activity  

(Fig. 5.10). In contrast, Si-treated plants exhibited an increase of 71% and 96% (Fig. 

5.10), at 15 days (10 mM SiK®) on CAT and SOD activity as a response to infection. 

Consistently, at 30 days the CAT and SOD activity was 9.5 Units g−1 FM and  

0.83 Units g−1 FM, (Fig. 5.10) in Si-supplied plants while the Si-free plants showed a 

susceptibility of the antioxidant system to the pathogenic fungus presenting only  

1.98 Units g−1 FM and 0.214 Units g−1 FM on CAT and SOD, respectively (Fig. 5.10), 

with a trend similar to 60 days. 
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The application of Si significantly increased CAT and SOD activity on the 15th, 30th 

and 60th day after inoculation, as a response to chestnut blight fungus infection, whereas  

untreated plants (0 mM SiK®) suffered significant decay. Significant differences were 

observed as the time after infection progressed and when the Si concentration increased. 

 

 

 

Fig. 5.10 – Catalase (CAT) and superoxide dismutase (SOD) activity of chestnut plants subjected to 

different concentrations of SiK® (0, 5, 7.5 and 10 mM) followed by 60th days at C. parasitica inoculation. 

Values are means ± SE from 3 replicates measured with different leaf samples (n = 4). A. CAT expressed 

in Units g−1 FM, B. SOD expressed in Units g-1 FM. Identical small letters mean non-significant differences 

between different Si-treatment and identical capital letters mean non-significant differences inside the same 

Si-treatment according to the Tukey’s test (P≤0.05).  
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Figure 5.10 shows that Si significantly improved CAT and SOD activity at 15, 30 

and 60 days after the inoculation. When comparing the values obtained between day 0 

and the 60th day, data showed a decrease in CAT activity from 6.33 to 1.73 μgmol/min/g 

FM (Fig. 5.10 A, 72%) in control plants (0 mM SiK®), while the Si-treated plants (10 

mM SiK®) presented a large rise in the same period, from 6.02 to 9.5 μgmol/min/g FM  

(Fig. 5.10 A), an increase of 58%. A similar tendency was observed in SOD activity with 

the Si-fertilized plants (10 mM SiK®) showing a substantial improvement for this 

enzyme, by 87% (0.456 to 0.854 U g−1 FM) (Fig. 5.10 B), while untreated plants (0 mM 

SiK®) experienced a reduction from 0.563 to 0.137 U g−1 FM, a drop of 67% 60 days after 

the inoculation (Fig. 5.10 B). 

 

5.3.8 Quantification of total phenolic compounds 

Figure 5.11 illustrates the effect of Si-fertilization with different concentrations 

on the total phenolic compounds (TP) in chestnut plants. At 0 days no significant 

differences were observed on TP level between the treatments. However, the TP amount 

increased in Si-treated plants and this improvement occurred gradually, between day 0 

and the 60th day, being directly proportional to the Si concentration applied in chestnut 

plants. The activation of the antioxidant defense system of the host plants induced the 

accumulation of secondary metabolites. In this study, the Si-treated plants (10 mM SiK®) 

presented an improvement from 0.26 to 0.47 mg g FM (81%) on the 15th day and an 

increase of 158% (0.26 to 0.67 mg g-1 FM) 30 days after the inoculation. On the other 

hand, the untreated plants (0 mM SiK®) decreased 35%, from 0.20 to 0.18 mg g-1 FM 

(6%) on the 15th and the 30th day (Fig. 5.11). Moreover, at the end of the study (60th day), 

the Si application caused a significant enhancement of the TP level, from 0.23 to  

0.93 mg g-1 FM between 0 and 10 mM SiK® treatments, more than 304% (Fig. 5.11).  
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Comparing the results obtained between day 0 and the 60th day, it is possible to 

observe a pronounced increase in the amounts of TP in 7.5 and 10 mM SiK® treatments 

(257% and 304%, respectively). In contrast, the measurements for untreated plants (0 mM 

SiK®) increased from 0.194 to 0.240 mg g-1 FM, a slight increase of 24% on the 60th day 

(Fig. 5.11).  

 

Fig. 5.11 – The effect of Si application on the total phenolic compounds at 0, 15, 30 and 60 days after C. 

parasitica inoculation (n = 6). Identical small letters mean non-significant differences between different Si-

treatment and identical capital letters mean non-significant differences inside the same Si-treatment 

according to the Tukey’s test (P≤0.05). 

 

5.4 Discussion 

Si fertilization is considered a very efficient practice to reduce and/or suppress stem 

fungal diseases, as Oculimacula yallundae in winter wheat (Rodgers-Gray and Shaw, 

2004), and Phomopsis asparagi in asparagus plants (Lu et al., 2008). 

Plants treated with an exogenous Si source presented a significant higher Si content  

(Tab. 5.1) in the chestnut leaves compared to untreated plants (0 mM SiK®). These 

findings are in line with Ribeiro Júnior (2005) and Silva et al. (2016), who reported a 

significant increase in the concentration of Si, with the increase of Si being applied to 

cacao and eucalyptus plants. 
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Silicon has been extensively referenced for its ability to increase the resistance of 

plants under stress, thus the leaf inoculation was performed to verify if there is a 

correlation with the inoculation of the stems, as suggested by Gouveia and Abreu (1994). 

Data indicates that the reduction/prevention of chestnut blight was more effective 

in 7.5 mM and 10 mM SiK®-treated plants. These treatments presented the lower 

incidence and development of disease (Fig. 5.3 A), through a higher percentage of leaf 

discs without chlorosis, a lower susceptibility to the formation of necrosis and a lower 

mortality rate (10%). The untreated plants showed the opposite, such as a high expansion 

of necrosis, an increase of the infection time, and a survival rate of 0% (Fig. 5.3 B), 

indicating a high susceptibility to C. parasitica infection. Moreover, the necrosis area and 

strangling induced by chestnut blight infection were more pronounced in 0 mM and 5 

mM SiK® treatments as presented in Figure 5.3. The present findings suggest that the Si 

application has the capacity to increase the plant’s resistance, reducing the expansion and 

number of lesions, consequently leading to a drop in disease severity, as verified by Dann 

and Muir (2002), Rodgers-Gray and Shaw (2004), Lu et al. (2008) in the pea, wheat and 

asparagus plants. In this context, Debona et al. (2017) explain that Si reduces the progress 

of diseases, as a result of the beneficial effect of Si on key components of host resistance, 

reducing the size of the colony or lesion, lesion expansion and inoculum production per 

infection site.  

The present results are reinforced by the studies of Uchôa et al. (2014), Dann and 

Le (2017) in banana and avocado plants, who reported that silicon soil application 

increases the resistance against Black sigatoka and Phytophthora cinnamomi infection, 

respectively.  

Consistently, the 7.5 mM and 10 mM SiK®+PDA Petri dishes (Figs. 5.4 and 5.5), 

demonstrate a clear suppressive activity against C. parasitica, maintaining the inhibition 

capacity (100% PI) throughout the study (from the  1st to 12th day). The control (PDA) 

Petri dishes didn’t demonstrate any retardation effect (0% PI) in the same period, 

indicating that Si has important fungitoxic properties against this pathogenic agent, 

corroborating the higher resistance of Si-treated plants to C. parasitica inoculation. These 

results are reinforced by the studies of Naureen et al. (2015), who verified that Si 

application can provide an efficient system of biological control against different 

phytopathogens fungus by inducing disease resistance in plants. It acts as a modulator of 
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host resistance to pathogens, disrupting or completely avoiding the infection of many 

diseases. Additionally, a significant interaction was observed between the Si 

concentrations applied in Petri dishes and the mycelial growth of C. parasitica, revealing 

that the highest values of PI could be associated with an increase in the Si concentrations 

(Fig. 5.4). The Si fertilization at 7.5 mM and 10 mM SiK® concentrations can promote a 

reduction in the disease severity of chestnuts, corroborating the studies of Ebrahimi et al. 

(2012) and Ferreira (2012) in melon, vine and plum plants.  

A histopathological stem analysis was made from inoculated plants to evaluate the 

anatomical state of the stems from Si-treated plants and untreated plants (0 mM SiK®).  

The presence of pathogen structures was detected in all samples (Fig. 5.6 A and 5.6 B), 

although the degree of infection wasn’t the same. By analyzing the stems of plants without 

Si, it was possible to observe a large degree of infection in xylem and cortical parenchyma 

(Fig. 5.6), which is fully colonized by the ascospores and a higher number of hyphae. A 

large number of pathogenic structures in non-Si-fertilized chestnuts can be explained by 

the consumption of tannins from vegetal tissues to provide the necessary nutrients caused 

by chestnut blight expansion, as mentioned by Bragança (2007). Therefore, the cells of  

C. sativa are killed by the chemical and mechanical action of the C. parasitica, 

consequently leading to the disruption in the xylem flow (Bragança, 2007). For these 

reasons, the inoculation in control plants (SiK®) can increase xylem embolism, leading to 

the collapse of the xylem water-conducting system, as a consequence of the higher 

infection rate (McElrone et al., 2003). Data are correlated with the advanced development 

of necrosis (Fig. 5.3 A) and a higher mortality rate in the control treatment (100%, Fig. 

5.3 B), demonstrating the plant's vulnerability to this disease.  

Concerning the Si-fertilized plants, the degree of infection significantly decreased 

in CP and X, as the concentration of SiK® increased in chestnut plants (Figs. 5.6 A and 

B, arrows and arrowheads). Data showed that the higher concentrations of SiK® in 

chestnut plants had a lower infection rate due to the inferior number of ascospores (Fig. 

5.6 A) and the absence of hyphae (Fig. 5.6 B) in xylem. The presence of ascospores has 

also been found by Bragança (2007) in chestnut plants infected by C. parasitica.  

The optical microscopy analysis helps detect the presence of phytoliths with a cubic 

form in chestnut plants treated with Si, reinforcing the previous reports in Poa species 

and Crescentia cujete plants (Kumari and Kumarasamy, 2013; Lisztes-Szabó et al., 
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2013). The present findings can also be correlated with the presence of phytoliths in SEM 

images (Pht in Fig. 6 C), as proved by the X-ray spectra (Fig. 5.7), indicating a correlation 

between the phytoliths and Si contents (Tab. 5.1) in Si-supplied plants.  

The Si-fertilized plants responded quickly and more effectively to the C. parasitica 

inoculation through the deposition of phytoliths in the place of infection, which provides 

greater resistance to the cell walls, making them less vulnerable to the degradation 

enzymes. The present study suggests that phytoliths can act as a physical barrier, 

conferring structural resistance to chestnut plants against C. parasitica infection and 

making the stem surface less susceptible to the penetration of the fungus, while reducing/ 

inhibiting the germination and multiplication of ascospores.  

These findings are corroborated by Menzies et al. (1992), Lu et al. (2008), Tubaña 

and Heckman (2015) who reported that the potassium silicate fertilization leads to Si 

depositions at fungal sites in cucumber, muskmelon, zucchini squash, asparagus and 

bamboo, reducing the colonization by powdery mildew and stem blight pathogens and 

consequently increasing the resistance against these fungal diseases. 

The MDA and H2O2 contents are considered indicators of oxidative damage in the 

cell wall membrane. The H2O2 (Fig. 5.8) and MDA (Fig. 5.9) amounts increase after  

C. parasitica inoculation in all the treatments, with these parameters being significantly 

lower in Si-treated plants than in Si-free plants. Consistently, the 10 mM SiK® treatment 

significantly reduces the H2O2 and MDA accumulation inside the tissues, which is in 

coherence with the higher values of CAT. The studies of Debona (2012), Li et al. (2012) 

and Jafari et al. (2015) in rice, cucumber and cotton plants reinforce these results by 

mentioning that a more efficient antioxidant defense can be associated with the high 

ability of plants to remove the H2O2 produced during the infection, reducing the cellular 

damage.  

CAT and SOD are important ROS scavenging enzymes with several physiological 

functions in cells activity and having a central part in cell adaptive responses, protecting 

the plant from the toxic effects from H2O2 and lipid peroxidation (Siddique et al., 2014; 

Weerahewa and Somapala, 2016). 

Biochemical analyses revealed that the Si fertilization in chestnut plants induces a 

significant synthesis of CAT and SOD activity 15 and 30 days after inoculation. The 
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quickness of the defense response in this host is essential for an efficient resistance against 

this pathogen.  

The higher CAT and SOD activity (Fig. 5.10 A and B) demonstrated by Si-treated 

plants can be associated with the disease severity (necrosis) and the lower mortality rate 

(Fig. 5.3 B). The increase of these antioxidant enzymes reduces the oxidative damage, 

enhancing detoxification of ROS and consequently increasing the resistance against this 

biotic stress, by conferring a protective role. The quickness with which a plant resists to 

a pathology is vital for the colonization of the pathogen. The faster the defense response 

of the host, the more effective is its resistance. 

In contrast, plants without Si suffer a significant reduction of CAT and SOD activity 

that is correlated with the concomitant enhancement in the H2O2 concentration after C. 

parasitica inoculation, resulting from the fast development of disease inside the chestnut 

plants. These results are in agreement with Debona et al. (2012), Fortunato et al. (2012 

b) and Harizanova et al. (2014), who verified that CAT and SOD activity were higher in 

resistant wheat, banana and cucumber plants with Si fertilization than in untreated plants 

(0 mM SiK®). Pozza et al. (2015), Weerahewa and Somapala (2016) reported in their 

studies the capacity of reducing disease severity by applying Si in agricultural crops, 

associating this beneficial effect with the enhanced activity of antioxidant enzymes. 

Ma and Yamaji (2008) stated that Si has an active role in increasing resistance to 

diseases through the cumulative production of plant defense compounds and the 

interaction with several key compounds of plant stress signaling systems. The antioxidant 

activity results are correlated with the induction of phenolic compounds and the resistance 

in Si-fertilized chestnut plants to C. parasitica infection. As shown in Fig. 5.11, the Si 

fertilization in chestnut plants induces the accumulation of phenolic compounds in Si-

fertilized plants  15 and 30 days after C. parasitica inoculation, as opposed to Si-free 

plants where the amount of phenolic compounds is much lower. The phenolic compounds 

have an important and direct role in the defense of plants by their antibiotic, antinutritional 

or unpalatable properties and they are often stored at strategically important sites where 

they act as flags when the plant is attacked by pathogens agents (Lattanzio et al., 2006). 

Other researches have commented that Si nutrition induces an antioxidant protection 

system of plants through the production and accumulation of phenols compounds and 
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phytoalexins that are averse to the development of diseases (Safari et al., 2012; Malhotra 

and RitiThapar, 2016). 

The present findings suggest that the resistance promoted by Si fertilization against  

C. parasitica inoculation can be explained by a prophylactic mechanism promoted by Si 

which can promote a signal in chestnut plants, inducing the natural defense systems and 

helping plants to reduce the negative impact of this pathology by increasing its antioxidant 

defense system.  

These results confirm previous reports in wheat, asparagus, vine, plum and 

sunflower plants, suggesting the disease severity was significantly reduced in Si-treated 

plants and that it induced tolerance, compared with plants without Si (Rodgers-Gray and 

Shaw, 2004; Lu et al., 2008; Ferreira et al., 2012 and Cruz et al., 2015). Furthermore, the 

Si application has a great toxicity effect on this phytopathogen, reinforcing the studies of 

Rodrigues et al. (2009), who reported that the addition of a potassium silicate supply in 

the soybean crop can decrease the intensity of rust and that Si may be used as an integrated 

disease management strategy, reducing the environmental and economic costs associated 

with fungicide applications. 

 

5.5 Conclusions 

Silicon is applied in many crops to reduce abiotic and biotic stress by their 

innumerable benefits to plants and by the fact that it doesn’t represent any problem for 

the environment and human health, reasons why it is a preferable alternative to the use of 

fungicides. 

The microscopic analysis showed that phytoliths act as a physical barrier between 

the host and pathogens, resulting in the faster and more extensive activation of pre- and 

post-formed defense mechanisms. This help reduce the penetration of pathogens by 

forming polyphenolic complexes and thus reinforcing the cell wall. Biochemical analysis 

suggests that Si fertilization may potentiate an increase in CAT and SOD activity and 

induce the accumulation of TP in Si-fertilized chestnut plants, causing a reduction in the 

rate of infection by C. parasitica. Moreover, the Si application in a PDA medium 
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demonstrated the high fungitoxic ability of Si in chestnut plants, which acts directly on 

C. parasitica inoculation and prevents its development.  

The resistance provided by Si application in chestnut plants can also be explained 

by its role as an elicitor, activating and extending the natural defense mechanisms of the 

plant that could apparently be inactive or dormant. 

In conclusion, our results suggest that SiK® fertilization can greatly reduce the 

infection rate of C. parasitica, which is why it can be successfully implemented in the 

orchards, improving the resistance of chestnut plants to this biotic stress.  
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Silicon is considered a beneficial nutrient for agricultural crops 

by conferred protection against diseases. The antifungal effect 

of the phenolic extracts from chestnut plants treated with 0, 5, 

7.5 and 10 mM SiK® were tested in vitro. Data showed that the 

phenolic extracts from 10 mM SiK®-treated plants presented 

strongest inhibition zone against P. cinnamomi (10.56 cm2) 

and C. parasitica (11.2 cm2) in in vitro assays at 8 days after 

incubation.  

This work, showed that the highest concentration of Si induced 

the increase in phenylalanine ammonia-lyase and polyphenol 

oxidase activity in plants infected with P. cinnamomi and  

C. parasitica. The main phenolic compounds found in  

Si-treated plants (10 mM SiK®) by high-performance liquid 

chromatography (HPLC-DAD) were ellagic acid, gallic acid 

and its derivatives with an increase of 463%, 244% and 274% 

respectively when compared with untreated plants, this values 

can be correlated with the induction of resistance in chestnut 

plants against phytopathogenic agents studied. 

The present study provides the evident antifungal activity of 

the phenolic extracts from 7.5 and 10 mM SiK® treated plants  

in in vitro assays, suggesting that Si application can be useful 

in the future to reduced and control the ink disease and 

chestnut blight in this crop. 

Keywords: Antifungal effect, defense responses, fungitoxic effect, pathogen and signal. 

Capítulo 6 
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compounds on chestnut plants infected with P. cinnamomi and 

C. parasitica  
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Francisco Peixoto and José Gomes–Laranjo. 

 

Abbreviations: AG – apigenin; CS – castalagin; DM – dry mass; EA – ellagic acid; FM – fresh mass;  

GA – gallic acid; GAD – gallic acid derivate; GC – 1-O-Galloyl castalagin; IA – inhition area; Na2CO3 – 

sodium carbonate; NBT – nitroblue tetrazolium chloride; PAL – phenylalanine ammonia-lyase; PDA – 

potato dextrose agar;  POD – peroxidase; PPO – poliphenol oxidase;Q3OR – quercitin-3-O-rutinoside; 

SAR – systemic acquired resistance; Si – silicon; SiK® - potassium silicate; SOD – superoxide dismutase; 

TFA – trifluoroacetic acid TP – total phenols; VC – vescalagin. 

 

6.1 Introduction 

Diseases in agriculture represent a huge problem to many crops that endangers the 

production and performance of numerous plants with economic and food interest because 

the plant pathogens as fungal, viral, bacterial or nematodes can induce damage in plants. 

The P. cinnamomi and C. parasitica are considered the phytopathogens responsible for 

the most problematic diseases affecting Castanea sativa Mill., weakening and killing 

innumerable trees all over Europe, reducing the quality and yield and causing a great 

economic impact in this crop. The P. cinnamomi is an oomycete responsible by ink 

disease which attacks the root system and produces a black exudate that stains the 

surrounding soil leading to the collapse of xylem and consequently to the death of the tree 

(Vannini and Vettraino, 2001). On the other hand, the C. parasitica is an ascomycete 

responsible by chestnut blight disease that causes perennial necrotic lesions, designated 

cankers on the bark of stems and branches in susceptible plants leading to the strangling 

of the part distal to the infection (Rigling and Prospero, 2017).  

For these reasons it is essential to explore alternative strategies that can help the 

chestnut trees to increase their resistance against these phytopathogens in the short term 

and in an efficient way. The silicon (Si) fertilization in chestnut plants appears as a 
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possible inducer of resistance against P. cinnamomi and C. parasitica infection since 

many studies have reported that Si can increase the tolerance of plants to several biotic 

stresses (Bekker et al., 2007a, 2007b; Lu et al., 2008) which can decrease the intensity of 

many diseases in agriculture all around the world. The beneficial effect of Si fertilization 

against fungal plant pathogens has been reported frequently on many crops (Batta and 

Sharma, 2018). The studied of Bekker et al. (2009), Shen et al. (2010) and Whan et al. 

(2016) demonstrated that the potassium silicate (SiK®) application reduced the 

development of P. cinnamomi, Rhizoctonia solani and Fusarium oxysporum infection on 

avocado, peanuts and cotton plants, through the fungitoxic effect of SiK® on the 

pathogens. Moreover, Silva et al. (2011), Oliveira et al. (2012) and Polanco et al. (2014) 

verified that Si fertilization reduces the Botrytis cinerea, angular leaf spot and 

Colletotrichum lindemuthianum in eucalypt, cotton and bean plants, respectively.  

Silicon is classified as an elicitor with prophylactic effect by passive and active 

defenses, being an effective inducer of broad-spectrum disease resistance in plants (Van 

Bockhaven et al., 2013). The elicitors are compounds that allow rapid activation of 

biochemical defense in plants against invading pathogens (Thakur and Sohal, 2013). 

Cortes et al. (2015) referred to the potential of Si as elicitor on enzymes defense activity 

to suppress the rice blast. Moreover, Mandal et al. (2013), explained that the elicitors 

perception occurs at the receptors located either at the cell surface or inside the host plant 

cells, this is what triggers the effective early signaling responses in the plant, which is 

fundamental in promoting efficient resistance to the invading agents.  

Plants use phenolic compounds for growth, reproduction and resistance to diseases 

according to Lattanzio et al. (2006). The resistance of a plant to a pathogen may be related 

to structural modifications that delay or prevent entry into and/or development in its 

tissues and with biochemical modifications that promote the synthesis of defense 

chemical compounds. Chestnut leaves (Castanea sativa) present high content in phenolic 

compounds with antibacterial and antifungal properties (Dinis et al., 2011; Dinis et al., 

2012; Carneiro-Carvalho et al., 2017). The quantification of phenolic compounds is 

influenced by sample particle size, biochemical nature, storage time and conditions and 

by the extraction method applied (Mujic et al., 2009). The Si fertilization have an 

important role in the promotion of the defense responses in host, enhancing the amount 

of antifungal phenols rapidly after inoculation with pathogens reacting with proteins. 

Moreover, the Si induced an increase on defence enzymes responsible for the activation 
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and synthesis of phenylpropanoid which play an important role in host defense leading to 

the restriction on the viability and development of the pathogens (Slatnar et al., 2016). 

The Si activates the defense mechanisms in response to plant infection by phytopathogens 

through increasing the synthesis of phenolic compounds, phenolic acids, phytoalexins, 

flavonoids, defense enzymes as peroxidase (POD), phenylalanine ammonia-lyase (PAL) 

and polyphenol oxidase (PPO) in the host plant contributing to limit the colonization of 

fungal plant pathogen (Bhatta and Sharma, 2018). Several authors demonstrated that Si 

has significantly contributed to reducing the intensity of numerous important diseases by 

inducing the accumulation of antifungal compounds (Bekker et al., 2007;  

Silva et al., 2011; Schabl, 2014).  

One crucial aspect of Si is that represent an alternative to the use of pesticides, being 

environmentally friendly and helping the farmers to increase the yield of their crops, 

increase the tolerance to the diseases and reduce the pollution, contributing for sustainable 

agriculture.  

The aim of the present study was to evaluate the fungitoxic effect of the extracts 

phenolic obtained from chestnut plants fertilized with 0, 5, 7.5 and 10 mM SiK® against  

P. cinnamomi and C. parasitica in vitro assays. 

 

6.2 Material and methods 

6.2.1 Plant material and treatments 

The experiments used 160 chestnut seeds (Castanea sativa Mill var. Sousã) from 

the same tree growing in the Germobank of University of Trás-os-Montes e Alto Douro 

(UTAD), Vila Real, Portugal (41° 17′ 20″ N, 7° 44′ 0″ W). 

The seedlings were planted in 2 L filled pots with 3:1 turf and perlite and randomly 

organized into 4 groups with 40 pots each. The plants with 4 months old were then placed 

in the growing chamber, with a 12h photoperiod, radiation 1600 μmol(photon)m-2 s-1,  

26 ºC, and watered on a daily basis.  
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Silicon was applied two months after the plants were potted, as potassium silicate 

(SiK®), according to Ma and Yamaji (2002). In this way, four treatments were prepared 

and evaluated: 0 mM, 5 mM, 7.5 mM and 10 mM SiK®. The silicon solutions were 

adjusted to pH 6.9 using 30 M hydrochloric acid (HCl). Each plant was fertilized with 50 

mL of a SiK® solution, which was directly applied to the soil. 

 

6.2.2 Root inoculation with P. cinnamomi  

The P. cinnamomi inoculum (50 mL) was applied in 20 chestnut plants per 

treatment (described in the plant material) directly in the soil, 60 days after SiK® 

fertilization. The plants were then monitored for 4 months, registering the time whenever 

a plant died. 

 

6.2.3 Stem inoculation with C. parasitica  

The inoculation was made in the stem of 20 plants per treatment. A T-shaped 

incision was made, where ia 0.5-mm PDA inoculated disc was inserted and wrapped with 

cotton and parafilm. The cotton was kept wet for 15 days to create favorable conditions 

for the development of the pathogenic agent. In this study, the plants were monitored 

fortnightly during 80 months by evaluating the development of the necrosis area after the 

inoculation and by recording their average length. 

 

6.2.4 Collection of contaminated plant material 

C. parasitica were collected from infected chestnut trees located on the UTAD 

campus. Samples of fungus were carefully collected from the zone of expansion of 

virulent cancers with the aid of a razor (Moura et al., 2015).  
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6.2.5 Extraction and determination of total phenolic compounds 

The extraction of total phenolics compounds from chestnut leaves was performed 

according to the Folin-Ciocalteu procedure of Singleton and Rossi (1965) by mixed  

600 µL of alcoholic extract from photosynthetic pigments with 3 mL of Folin-Ciocalteu 

reagent and 2.4 mL of sodium carbonate (Na2CO3), waiting 30 minutes and then we added 

them in the filter paper discs used (8 mm) for P. cinnamomi and C. parasitica in in vitro 

assays. 

 

6.2.6 Determination of total phenolic compounds  

The amount of total phenolic compounds was determined using the Folin-Ciocalteu 

method, with gallic acid as the standard, and measured in a spectrophotometer at 765 nm 

after reaction for 30 minutes. In this experiment were made six replicates per treatment 

and three repetitions by plant.  

 

6.2.7 Evaluation the effect of phenolic compounds extracts from chestnuts treated 

with different concentrations of SiK® against P. cinnamomi and C. parasitica in in 

vitro assays by the disc method. 

Sterile paper disc method was used to evaluate the antifungal activity of phenolic 

extracts from untreated and Si-treated chestnut plants against to P. cinnamomi and  

C. parasitica in vitro assays. 

The effect of phenolics extracts on the resistance against ink and blight disease was 

tested by disc diffusion method described by Chérif et al. (1994) with slight 

modifications. The autoclaved PDA agar medium was transferred in sterilized Petri dishes 

(90 mm of diameter) and inoculated with P. cinnamomi and C. parasitica which growth 

approximately 12 days on a chamber at 25 ºC in the darkness. In the P. cinnamomi  

(Fig. 6.1A) and C. parasitica (Fig. 6.1B) Petri dishes were placed five sterile paper discs  

(8 mm of diameter and sterilized by autoclaving) each one with approximately 1 mm apart 

from the Petri dishes end. Paper discs were impregnated with 100 µL of extracts of 

phenolic compounds from the chestnut leaves from 0, 5, 7.5 and 10 mM SiK® treatments 

(Fig. 6.1). The phenolic extracts used in this study were obtained from extracts of the 
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pigments, which were reserved at -20 ºC and later mixture with Folin-Ciocalteu reagent 

and sodium carbonate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.1 – A. Schematic of the distribution of filter paper disc on the base of Petri dishes inoculated with  

P. cinnamomi/ for the comparison test with the phenolic extract obtained from chestnut leaves treated with  

0, 5, 7.5 and 10 mM SiK®. The control represents the test with only the reagents used in the extraction of 

phenolic compounds. B. Schematic of the distribution of filter paper disc on the base of Petri dishes 

inoculated with C. parasitica for the comparison test with the phenolic extract obtained from chestnut 

leaves treated with 0, 5, 7.5 and 10 mM SiK®. 

 

 

Relatively to the C. parasitica in vitro assay was made the same procedure applied 

on P. cinnamomi study, however, each sterilized filter paper disc was impregnated with 

100 µL of extracts of phenolics compounds, from the chestnut leaves of 0, 5, 7.5 and  

10 mM SiK® treatments (Fig. 6.1B). In this study, the control was not used because we 

didn’t have enough disks available for the research and in the previous study it didn’t 

show any antifungal activity. The inhibitory zones (mm) were measured by zone reader 

area at 1, 2, 3 and 8 days after C. parasitica inoculation. 

For this experiment was made twenty-five replicates per treatment. 

 

6.2.8 Enzymatic activity determination 

The phenylalanine ammonia-lyase (PAL) activity was assayed according to the 

method of Han et al. (2016). The absorbance was read in the spectrophotometer at  

290 nm due to the formation of trans-cinnamate. A molar extinction coefficient of  

104.0 mM-1 cm-1 was used to calculate the PAL activity, which was expressed in  

μM.min-1.mg-1.  

A B 
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The polyphenol oxidase (PPO) was extracted following the method of  

Dallagnol et al. (2015). The increase of absorbance was measured at 420 nm by using the 

spectrophotometer for 10 min at 30 °C. One PPO unit was expressed as the variation of 

absorbance at 420 nm of soluble protein per minute. The POD activity was expressed in 

M.min-1.mg-1 by using the appropriate coefficient extinction (Ɛ = 12.0 mM-1 cm-1). 

The peroxidase (POD) activity was determined at 470 nm due to oxidation of 

guaiacol following the method Farooq et al. (2013). The POD activity was expressed in  

M.min-1.mg-1 by using the appropriate coefficient extinction (Ɛ = 26.6 mM-1 cm-1). The 

superoxide activity was determined by the method of Habibi and Hajiboland (2010). One 

unit of SOD was defined as the amount of enzyme required to cause 50% inhibition of 

the reduction of nitroblue tetrazolium (NBT) read at 560 nm in the spectrophotometer.  

Data correspond to four replicates per treatment (n = 4). 

 

6.2.9 Polyphenol composition by HPLC-DAD 

Extraction of phenolic compounds  

To determine the phenolic compounds, 40 mg of powdered dry samples were placed in 

screw cap tubes (2 mL) and mixed with 1 mL of 70% aqueous methanol (methanol: 

water). Each mixture was vigorously agitated in a vortex (Genie 2, Fisher Scientific, UK), 

heated at 70 ºC (1083, GFL-Gesells chaft ffur Labortechnik mbH, Germany) for 20 

minutes and agitated every 5 minutes. Then, the mixtures were centrifuged at 110000 

rpm, 15 min and 4 ºC (Eppendorf, 5804 R, Eppendorf, Hamburg, Germany), and filtered 

through PTFE 0.2 µm, Ø 13 mm (Teknokroma, Spain) to amber HPLC vials 

(Chromabond 2-SVW(A) ST-CPK, Sigma-Aldrich, Tauferkichen, Germany). Finally, the 

extracts were stored under refrigeration (-20 ºC) prior to the HPLC and antiradical 

colorimetric bioassay analysis.  

 

Identification and quantification by HPLC-DAD/UV-Vis 

The identification and quantification of polyphenols presented in chestnut leaves  

(C. sativa) extracts were performed by HPLC-DAD-UV/VIS based on previous 

publications (Spáčil et al., 2008; Aires et al., 2013). After extraction, each extract was 
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injected in the HPLC-DAD system (Gilson Inc., Middleton, WI, USA) equipped with an 

eluent composed by water with 0.1% of trifluoroacetic acid (TFA) (solvent A) and 

acetonitrile with 0.1% TFA (solvent B). The elution was performed at a flow rate of the 

solvent of 1 mL min-1, with a gradient starting with 100 % of water, with an injection 

volume of 10 μL. The chromatograms were recorded at 280, 320, 370 and 520 nm with a 

C18 column (250 x 46 mm, 5 µm) (ACE® HPLC columns, Advanced Chromatography 

Technologies, Ltd., Aberdeen, Scotland). The polyphenols were identified using peak 

retention time, UV spectra and UV max absorbance bands and trough comparison with 

external commercial standards (Extrasynthese, Cedex, France, and Sigma-Aldrich, 

Tauferkichen, Germany), as well as by comparing with published literature (Sakakibara 

et al., 2003; Wang et al., 2003; Lin et al., 2007). The external standards were freshly 

prepared in 70% methanol (methanol: water) at concentration of 1.0 mg mL-1 and running 

in HPLC-DAD-UV/VIS before the samples. The quantification was done using the 

response factor for each compound detected compared to each similar pure standard 

compound. The results were expressed as µg g-1 dry mass (DM). Methanol and 

acetonitrile were HPLC gradient and purchased from Panreac chemistry (Lisbon, 

Portugal) and Sigma-Aldrich (Taufkirchen, Germany), respectively. The aqueous 

solution was prepared using ultra-pure water (Milli-Q, Millipore, Massachusetts, USA). 

 

6.2.10 Statistical analysis 

All determinations were done in triplicate and statistical analysis of data was 

performed using StatView and Statistica 10.0. Statistical significance between the 

treatments was calculated according to the Tukey test (P < 0.05). 

 

6.3 Results  

6.3.1 Evaluation the effect of phenolic compounds extracts from chestnuts treated 

with different concentrations of SiK® against P. cinnamomi and C. parasitica assays 

in vitro by disc method 

The highest inhibition areas (IA) observed on P. cinnamomi Petri dishes at 1st day, 

were 5.8 and 6.8 cm2 recorded by the 7.5 and 10 mM SiK® plants phenolic extracts 

respectively, while the control (-Si) presented only 0.534 cm2. In terms of the antifungal 
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effect against P. cinnamomi at 8th day, all treatments exhibited IA, however the highest 

value was 10.56 cm2 shown by 10 mM SiK®, while the lower IA was 0.63 cm2, observed 

on 0 mM SiK®, indicating more susceptibility of untreated plants to this pathogen (Figure 

6.2). Comparing the results between 0 and 10 mM SiK® treatments at 8th day, it is clear 

that IA increased from 0.63 to 10.56 cm2, representing a significant rise of 1576% (Figure 

6.2).  

Establishing a comparison between the values obtained in 1-8 days after incubation, 

the present findings suggest that the effect of the phenolic extracts on  

P. cinnamomi zones inhibition was proportional to the increment of Si concentration 

applied, 25%, 51%, 56% on 5 mM, 7.5 mM and 10 mM SiK® treatments, respectively 

(Figure 6.2).  

 

 

Fig. 6.2 – Effect of phenolics extracts from Si-treated chestnut leaves plants (0, 5, 7.5 and 10 mM SiK®) 

by disc impregnation method against to P. cinnamomi after 1, 3 and 8 days (d) incubation. Lowercase letters 

denote statistical difference among the different treatments at P < 0.05 according to Tukey’s new multiple 

range test. Uppercase letters denote statistical difference among the same treatment at P < 0.05 according 

to Tukey’s test (n = 25). 

 

Figure 6.3 shows the reaction of P. cinnamomi to phenolic extracts obtained from 

plants treated at different concentrations of Si. It is an important highlight that  

P. cinnamomi in PDA medium presenting a beige color, but after the impregnation of 

sterile paper filter discs with the phenolic extracts the Petri plate acquiring a blue 

coloration. This fact can be explained by the reagents used in the extractions of these 
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metabolites, which development of blue color in the extracts phenolic by Folin-Ciocalteu 

method, an indicator of the presence of total phenols (TP).  

As shown in Figure 6.3, the highest concentrations of Si applied to present higher 

IA around the discs and the inhibition capacity augment with time progress, from 1st to 

8th day while control treatment, showed a slight increase in the same time.  

 

 

 

 

 

 

 

 

 

Fig. 6.3 – Representative Petri dishes showing inhibition areas from control, 0, 5, 7.5 and 10 mM SiK® 

treatments against P. cinnamomi by application of phenolics extracts from chestnut leaves from  

Si-treated plants and Si absent plants (-Si) on paper discs. A. 1st day, B. 8th day. a. control, test with only 

the reagents used. b. 0 mM SiK®, c. 5 mM SiK®, d. 7.5 mM SiK® and e. 10 mM SiK®. The clear zone 

around the disc indicated that the treatment induces resistance against P. cinnamomi. Twenty-five replicates 

per treatment (n = 25).  

 

The effect of extracts phenolic from chestnuts treated with different concentrations 

of Si on C. parasitica in vitro assay is presented in Figures 6.4 and 6.5. Data showed a 

significant boost on IA at 1st day between 0 and 10 mM SiK® treatments, from 1.07 to 

11.2 cm2, more than 950%, representing a significant improvement on resistance against 

to C. parasitica (Figs. 4 and 5). This trend was also verified in the other Si treatments, 

increases of 322% and 871% recorded by 5 and 7.5 mM SiK®, respectively at 1st day 

(Figs. 6.4 and 6.5). The results obtained at 3rd day, indicating that the IA on all Si-

treatments doubled compared to results at 1st day, especially in 10 mM SiK®, which 

augmented from 4.3 to 9.4 cm2 while the control (-Si) enhanced from 0.4 to 0.6 cm2 

between 1st to 3rd day after incubation (Figure 6.4). Comparing the antifungal effect of the 

phenolic extracts application on C. parasitica in in vitro assay at 8th day, the 10 mM SiK® 

treatment exhibited the strongest IA against to this phytopathogen, 11.2 cm2, followed by 

7.5 mM SiK® treatment with 10.4 cm2, demonstrating that C. parasitica was more 

susceptible to the phenolic extracts from chestnut fertilized with the highest 
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concentrations of Si. Contrarily, the lower capacity of inhibition was observed in control 

treatment (-Si), with 0.81 cm2 recorded in the same period time (8th day, Figure 6.4).  

 

Fig. 6.4 – Effect of phenolics extratcs from Si-treated chestnut leaves plants (0, 5, 7.5 and 10 mM SiK®) 

by disc impregnation method against to C. parasitica after 1, 2, 3 and 8 days (d) after incubation. Lowercase 

letters denote statistical difference among the different treatments at P < 0.05 according to Tukey’s new 

multiple range test. Uppercase letters denote statistical difference among the same treatment at P < 0.05 

according to Tukey’s test (n = 25). 

 

Comparing the results between 1st and 8th day (Figs. 6.4 and 6.5), the 7.5 and 10 

mM SiK® phenolic extracts presented a rise on IA of 139% and 125%, respectively, which 

present a higher TP content being more effective against C. parasitica, while the control 

treatment increased 64%. It is an important highlight that IA increased gradually all over 

the time being this enhance proportionally to the Si concentrations applied in the chestnut 

plants, 4.5, 10.4 and 11.2 cm2 showed by 5, 7.5 and 10 mM SiK®, respectively after 8 

days of incubation (Figure 6.4).  

The visualization of Petri dishes with antifungal activity against C. parasitica in 

vitro assay is presented in Figure 6.5. The C. parasitica has an initial beige and orange 

color, however after the application of the extracts phenolic in PDA medium presents a 

different blue color gradation around the discs, subsequently acquiring an orange/red 

coloration all over the Petri plate which can be explained by the reagents used in the 

extractions of this metabolites. The development of blue color in the extracts phenolic by 

Folin-Ciocalteu method is an indicator of the presence of total phenols (TP) in the 

samples. 
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As shown in Figure 6.5, all over the study (8th day) the higher inhibition area (IA) 

against C. parasitica was observed around the discs impregnated with extracts phenolic 

from Si-treated plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 – Representative Petri dishes showing inhibition areas from 0, 5, 7.5 and 10 mM SiK®treatments 

against C. parasitica by application of phenolics extracts from chestnut leaves from Si-treated plants and 

Si absent plants (-Si) on paper dicks.  A. 1st day, B. 3rd day , C. 8th day, a. 0 mM SiK®, b. 5 mM SiK®, c. 

7.5 mM SiK® and d. 10 mM SiK®. The clear zone around the disc indicated that the treatment induce 

resistance against to C. parasitica. Twenty-five replicates per treatment (n = 25).  

 

 

Figure 6.6 showed the total phenols compounds level (TP) from the chestnut plants 

treated with 0, 5, 7.5 and 10 mM SiK®. It is important to highlight that TP amount present 

in Figure 6 corresponded to the phenolic extracts used in the present experiment to 

impregnate the filter paper discs (Figures 6.3, 6.5). In this study, was used the crude 

phenolic extracts to obtain the full antifungal ability of them and to verify their action on 

the ability to inhibit this problematic pathogenic agent in chestnut trees. 

The extract phenolics used in the current experiment were the same for the  

P. cinnamomi and C. parasitica study (Figure 6.6).  

Data show a significant increase in TP amount in Si-treated plants when compared 

to Si free plants. The highest levels of TP are 1.35 and 2.60 mg/ g-1 FM recorded by 7.5 

and 10 mM SiK® treatments, respectively, while the 0 mM SiK® treatment had the lowest 

concentration of TP (0.53 mg/ g-1 FM) (Figure 6.6). Moreover, the extracts of chestnut 

plants treated with 10 mM SiK® showed the highest zones inhibition (10.56 and 11.2 cm2) 

and TP content (2.10 mg/ g-1 FM), while control phenolic extracts showed lowest IA (0.63 

and 0.81 cm2) and TP amount (0.53 mg/ g-1 FM), suggesting that can be an association 

with antifungal activity of the phenolic extracts applied by disc method and the higher 

values of TP determined. Results also revealed that there was gradual enhance in the 
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amount of TP proportional to the augment of Si rate applied in chestnut plants and this 

increase was ranged from 0.53 to 2.10 mg/ g-1 FM between 0 and 10 mM SiK® treatments 

(Figure 6.6).  

 

 

Fig. 6.6 – Concentration of total phenolic compounds (TP) in leaves of chestnut plants that received 

different concentrations of Si (0, 5, 7.5 and 10 mM SiK®). Each value represents the means of six replicates 

per treatment (n = 6). 

 

6.3.2 Enzyme activity determination 

Phenylalanine-ammonia-lyase (PAL), polyphenol oxidase (PPO) and peroxidase 

(POD) are oxidative enzymes, which are frequently involved in biosynthetic processes 

associated with infection by phytopathogens (Ahmed, 2016). 

The PAL, PPO and POD activity were determinate at 0 days, 15 and 30 days after 

inoculation of chestnut plants by the pathogens. The present results demonstrated that the 

enzymatic activity at time 0 prior to inoculation with P. cinnamomi and C. parasitica did 

not show significant differences between the treatments, suggesting that previous 

treatments with Si didn’t change the basal activity of PAL, PPO and POD under non-

stress conditions (Figure 6.7). 
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Analyzing the PAL activity at the 15th day the results showed a significant augment 

in Si-supplied plants a response to P. cinnamomi inoculation than untreated plants (Figure 

6.7A). Comparing the results obtained between 0 and 10 mM SiK®, the PAL activity 

increased significantly from 61.3 to 146.6 μM.min-1.mg-1, a rise of 139% (Figure 6.7A). 

A similar tendency can be also observed between Si absent plants and Si-treated plants  

(10 mM SiK®), after 30 days inoculation, with an increase of 198%. Furthermore, the 

application of Si enhanced in about 33% gradually the PAL activity from 15th to 30th day 

after P. cinnamomi infection, being the enzymatic activity significantly higher (P < 0.05) 

than in control plants (-Si). When comparing the results obtained on PAL activity between 

0 and 30th day after P. cinnamomi infection, the 10 mM SiK®-treated plants recorded an 

increase of 452% against than only 80% obtained by Si free plants.  
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Fig. 6.7 – Phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO) and peroxidase (POD) enzymes 

activity in chestnut plants fertilized with 0, 5, 7.5 and 10 mM SiK®at 0, 15 and 30 days after  

P. cinnamomi inoculation. A. PAL (μM.min-1.mg-1), B. PPO (M.min-1.mg-1) and C. POD (M.min-1.mg-1).  

Bars are mean values of four replicates. Lowercase letters denote statistical difference among the different 

treatments at P < 0.05 according to Tukey’s new multiple range test. Uppercase letters denote statistical 

difference among the same treatment according to Tukey’s test (P < 0.05) (n = 4). 

 

The highest values on PPO activity were 0.774 and 0.891 M.min-1.mg-1 (Figure 

6.7B), observed with 7.5 and 10 mM SiK® treatments, respectively at 15th day after  

P. cinnamomi inoculation. Additionally, the PPO activity between untreated and  

Si-supplied plants (10 mM SiK®) increase from 0.217 to 0.891 M.min-1.mg-1, revealing 

an enhancing of 311% (15th day) (Fig. 6.7B). Consistently, at 30th day the results present 

a significant enhance of 712% between 0 mM SiK® and 10 mM SiK® treatments. 

Therefore, comparing the results between 0 and 30th day after inoculation, the 10 mM 

SiK® treatment presented the strongest increase on PPO activity, 246% more (Figure 

6.7C), contrarily to untreated plants that showed an increase of 68%. 

Our results revealed that POD activity was 184% and 146% higher in 10 mM SiK® 

treatment at 15th and 30th day after inoculation, while control plants presented only 18% 

(Figure 6.7C). Comparing the period 0-30th day, data showed that the inoculation with  

P. cinnamomi in plants fertilized with 10 mM SiK® increase POD activity in about 583%. 

In relation to the C. parasitica assay, the maximum activity of PAL, PPO and POD 

activity were observed at 30th after inoculation with 195.3 μM.min-1.mg-1,  

3.1 M.min-1.mg-1, 38.0 M.min-1.mg-1 (Figure 6.8), respectively on 10 mM SiK® treatment.  

Analyzing the results regarding enzymatic defence on C. parasitica infection 

plants, the highest PAL activity values was 163.2 μM.min-1.mg-1 (Figure 6.8A) and 181.3 
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μM.min-1.mg-1 (Figure 6.8A) recorded by 10 mM SiK®-treated plants at 15th day and 30th 

day after inoculation, respectively, while the Si absent plants (0 mM SiK®) achieved only  

67.8 μM.min-1.mg-1 (15thday) and 72.3 μM.min-1.mg-1 (30th day). Similar results were 

found at 60th day, the Si-treated plants showed 190.3 μM.min-1.mg-1 of PAL activity  

(10 mM SiK®), however the Si-absent plants (0 mM SiK®) achieved 77.6 μM.min-1.mg-1 

(Figure 6.8A). Comparing the results between 0 and 60th day, the untreated plants showed 

an enhance of 55.2% in PAL activity a response to C. parasitica infection while the 

highest concentration of Si applied (10 mM SiK®) displayed an augment of 306%  

(Figure 6.8A). 
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Fig. 6.8 – Phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO) and peroxidase (POD) enzymes 

activity in chestnut plants fertilized with 0, 5, 7.5 and 10 mM SiK® at 0, 15 and 30 days after  

C. parasitica inoculation. A. PAL (μM.min-1.mg-1), B. PPO (M.min-1.mg-1) and C. POD (M.min-1.mg-1). 

Bars are mean±SD values of four replicates. Lowercase letters denote statistical difference among the 

different treatments at P < 0·05 according to Tukey’s new multiple range test. Uppercase letters denote 

statistical differences among the same treatment according to Tukey’s test (P < 0.05) (n = 4). 

 

For Si-treated plants, PPO activity increased from 0.6965 and  

0.9775 M.min-1.mg-1 (Figure 6.8B) at 15th and 30th days after C. parasitica infection, 

respectively, while the Si-deprived plants presented 0.423 and 0.584 M.min-1.mg-1 at the 

same time (Figure 6.8B). The present findings suggested that the infection with this 

ascomycete promote the increase in PPO activity between period 0-60th day, however the 

augment was significantly higher in Si-fertilized plants, 446% and 720% (Figure 6.8B), 

recorded by 7.5 and 10 mM SiK® treatments as compared to Si absent plants, only 47%. 

Comparing the results between 0 and 60 days after infection by C. parasitica, the Si-

fertilized plants presented an increase of 242% on PPO activity while the untreated plants 

showed only 67% more (Figure 6.8B). 

For peroxidase activity (POD), the inoculation with C. parasitica in Si-treated 

plants (10 mM SiK®) increase this enzyme activity from 1.4 to 4.3 M.min-1.mg-1 between 

15th and 30th day (Figure 6.8C), however the untreated plants enhance from 1.6 (15th day) 

to 2.4 M.min-1.mg-1 (30th day) (Figure 6.8C). Data at 60th day showed presented 2.9 

M.min-1.mg-1 while Si-supplied plants presented 10.893 M.min-1.mg-1 of POD activity. 

Comparing the results between the begin (0 day) and the end of the study (60th day), the 

present findings indicate that C. parasitica promoted an increase on POD activity being 
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this stimulation proportional to the Si amount added to chestnut plants, 180%, 503% and 

464% on 5 mM, 7.5 mM and 10 mM SiK® treatments, respectively, while untreated plants 

showed a slight increase (85%) (Figure 6.8C). 

 

6.3.3 Analysis of phenolic compounds of chestnut leaf samples by HPLC-DAD/VIS 

HPLC analysis is the best way for biochemical characterization and therefore in this 

study, we also performed HPLC analysis to characterize the active phenolic compounds 

stimulated by Si fertilization on chestnut plants and which can act as antifungal against 

phytopathogens.  

The HPLC analysis shows clearly that leaves from chestnut exhibited different 

content of phenolic acids and flavonoids (Figure 6.9), depending on if they are from 

untreated or Si-treated plants. Through the analysis of HPLC data, it was possible to 

identify twelve different phenolics in chestnut leaves samples, gallic acid (GA), gallic 

acid derivate (GAD), vescalagin (VC), castalagin (CS), 1-O-Galloyl castalagin (GC), 

ellagic acid (EA) are characterized to be tannins, quercitin-3-O-rutinoside (Q3OR) and 

apigenin (AG) are flavonoids and the rest of the compounds are phenolic acids (Figure 

9A). These phenolics can be divided into four main categories: tannins (GA, GAD, VC, 

CS and EA), benzoic acid derivatives (Q3OR and VA), cinnamic acid derivatives (CH 

and CA) and flavanonols (AG).  

The major phenolic compounds identified in chestnut leaves from this study were 

GA, GC, CHA, SA and EA. In the same context, the EA was the phenolic in a higher 

amount, ranged between 319.8 (0 mM SiK®) and 413.3 µg.g-1 DM (10 mM SiK®), it was 

more than double (97.1 µg.g-1 DM) the content of GA recorded in chestnut leaves samples 

(Figure 6.9A). In addition, the greatest total phenolic compounds content was recorded 

on 10 mM SiK® treatment. The GA content increase from 28.2 µg.g-1 DM to 97.1 between 

0 and 10 mM SiK®, representing an increase of 244%. A similar trend was observed on 

GAD and CS contents that presented 274% and 463% more, respectively on Si-treated 

plants than control, the treatment with the smallest content (Figure 6.9A). Data shows that 

the increase in GA amount was proportional to the amount of Si applied, presenting 36.7, 

75.0 and 97.1 µg.g-1 DM on 5, 7.5 and 10 mM SiK® treatments, respectively. Furthermore, 

coumaric acid (CA) and vanillic acid (VC) amounts raise 55% and 21% (Fig. 6.9A), 

respectively between control plants (0 mM SiK®) and Si-applied plants (10 mM SiK®). 

The highest value of EA was found on 10 mM SiK® treatment, revealing a 29% more 
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than 0 mM SiK® treatment. On the other hand, untreated plants presented higher values 

of VC and Q3OR, 88.2 and 8.6 respectively, comparatively to those from  

Si-treated plants (10 mM SiK®).  

 

 

 

   

 

 

 

 

 

 

 

 

Fig. 6.9 – A. Effect of Si application at 0, 5, 7.5 and 10 mM SiK® concentration on the synthesis of phenolic 

compounds of chestnut leaves extract. GA. Gallic acid, GAD. Gallic acid derivate, VC. Vescalagin, GC. 1-

O-Galloyl casatalagin, CS. Castalagin, CHA. Chlorogenic acid, CA. Coumaric acid, SA. Syringic acid, 

Q3OR. Quercetin-3-O-rutinoside (Rutin), VA (Vanillic acid), EA. Ellagic acid, AG. Apigenin. Data are 

mean values of four replicates (n = 4). B. Effect of Si fertilization (0, 5, 7.5 and 10 mM SiK®) in phenolic 

acids contents. C. Effect of Si fertilization (0, 5, 7.5 and 10 mM SiK®) in flavonoids contents. 

 

In this work, the highest concentration of CHA and CA was found in Si-treated 

plants, 106.6 and 45.3 µg.g-1 DM (10 mM SiK®), respectively compared to 47.7 and  

29.3 µg.g-1 DM in untreated plants (0 mM SiK®).  
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The phenolic acids and flavonoids content for each one treatment under study (0, 5, 

7.5 and 10 mM SiK®) are present in Figure 6.9 B, C. 

The results showed that the highest levels of phenolic acids were recorded by Si-

fertilized plants (10 mM SiK®), 1085 µg.g-1 DM (Figure 6.9B), while untreated plants  

(0 mM SiK®) showed the low content, 654 µg.g-1 DM (Figure 6.9B). Moreover, data 

indicate an increase of 66% between 0 mM SiK® and 10 mM SiK® treatments, suggesting 

that the increase on Si concentration applied can lead to an increase on phenolic acids 

accumulation in chestnut leaves, 696, 765 and 1085 µg.g-1 DM (Figure 6.9B) on 5, 7.5 

and 10 mM SiK® treatments, respectively. A similar trend was observed in flavonoids 

content, Si absent plants exhibited 31 µg.g-1 DM (Figure 6.9C) comparatively to 65 µg.g-

1 DM (Figure 6.9C) achieved by Si-fertilized plants, 109% more. 

The results obtained in this work showed that the antifungal activity of phenolic 

extracts from Si-treated plants (7.5 and 10 mM SiK®) was in agreement with the higher 

content of phenolic acids and flavonoids detected by HPLC analysis, suggesting that the 

phenolic compounds had significant inhibitory effects against the pathogens studied. 

 

6.4 Discussion 

Plants can induce resistance through mechanisms of defense that include the 

phenolic compounds and the synthesis of enzymes that degrade pathogen cell walls. 

Moreover, plants employ specific recognition and signaling systems enabling the rapid 

detection of pathogen invasion and initiation of vigorous defensive responses (Maizd et 

al. 2011). 

In this study, the content of phenolics in extracts before its application to the sterile 

discs were quantified in order to verify if the concentration of Si applied in plants have 

any relation with a concentration of total phenols obtained from chestnut trees fertilized 

with 0, 5, 7.5 and 10 mM SiK®. The antifungal activity of phenolic compounds extracts 

from Si-treated plants revealed a great inhibitory effect against the pathogens,  

P. cinnamomi and C. parasitica (Figs. 6.2 and 6.3). In this study, the highest zones of 

inhibition were found for 5, 7.5 and 10 mM SiK® plants comparatively to the 0 mM SiK® 

treatment. The higher zones of inhibition observed on 7.5 and 10 mM SiK®-treated plants 

can be associated with the highest TP, phenolic acids and flavonoids content (Figures 6.6 
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and 6.9), suggesting that the antifungal properties of phenolic compounds coupled with 

the fungitoxic effect of the fertilizer used, SiK® increased the toxicity spectrum relative 

to P. cinnamomi and C. parasitica in vitro assays. Moreover, data suggested that the 

inhibition capacity of phenolic extracts gradually and proportionally increased according 

to the time and increasing doses of Si (Figures 6.2, 6.3, 6.4 and 6.5).  

The present results are in agreements with previous studies of Chérif et al. (1994),  

Becker et al. (2009), Asanzi et al. (2015) and Schabl et al. (2017) in cucumber, avocado, 

citrus and grapevine plants against P. aphanidermatum and P. ultimum, P. cinnamomi, 

Alternaria alternata and Plasmospara vitícola, respectively. These authors reported an 

intensification of biochemical defense mechanisms through the production of phenolic 

compounds with highly toxic properties to phytopathogens. Our findings support 

previous studies of Qin and Tian (2005), Farahani et al. (2012b), Carneiro-Carvalho et 

al. (2017) that reports the efficacy of Si application as antifungal in cherry, apple and 

chestnut plants against Penicillum expansum, Candida membranifaciens and  

P. cinnamomi, respectively. These and other studies (Bhattacharya et al., 2010; Ansari et 

al., 2013, Kulbat, 2016), showed that phenolic compounds could play an important role 

in the development, of plant mechanisms against diseases.  

Recently, it was demonstrated that phenolics could be produced and accumulated 

in the sub-epidermic layers of plant tissues when plant receptors, mediated by Si, 

recognize potential pathogens, long before the pathogen colonizes completely the plant 

(Rahman et al., 2015; Yang et al., 2017; Wang et al., 2017). In the same context,  

Gatto (2013), explained that phenolic extracts contain substances with antifungal, 

cytotoxic or more generally biocidal activity, that is the result of evolutionary processes 

designed to the self-protection of plants from pathogens.  
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PAL is involved in the synthesis of phenolic compounds, which can be quantified 

to measure the ability of plant disease resistance and is crucial on plant defense responses 

in host-pathogen interaction (Duan et al., 2014; Song et al., 2016). The PPO is an 

imperative enzyme in disease resistance by synthesis of quinines, more toxic to 

phytopathogen than the original phenols, through producing an adverse environment for 

pathogens development, which explained the improvement on defense system and higher 

tolerance exhibited by Si-fertilized plants (Purwar et al., 2012; Siddique et al., 2014; Song 

et al., 2016). Regarding to POD is one of the first antioxidant enzymes to response and 

to provide fast defence against pathogen in plants by acting in oxidation of phenolic 

compounds, suberization and lignification of host plants tissues during the defense 

responses to phytopathogens making cell walls more resistant to degradation by invasive 

agent enzymes (Siddique et al., 2014).  

According to our results, in response to P. cinnamomi and C. parasitica infection 

at the early stage (15th day) the 10 mM SiK®-treated plants dramatically increased the  

activation of PAL, PPO and POD activities (Figures 7 and 8), however this was not 

verified on control plants (0 mM SiK®), where the values were lower than Si-treated 

plants. These findings are in agreement with Wang et al. (2017), who reported that the 

ability of plants to quickly activate defence mechanisms could be the difference between 

the plant resisting to the pathogen or succumbing to the infection. Several authors 

reported the beneficial role of Si in biochemical defense against root and stem diseases in 

cucumber (Chérif et al., 1994) and banana (Fortunato et al. 2012, 2014) The researchers 

associated the higher resistance in Si-supplied plants with lower disease severity and the 

highest activities of PAL, PPO and POD in stems inoculated with Phomopsis stem blight 

(Lu et al., 2008) an in avocado infected with P. cinnamomi (Bekker et al., 2007).  

The significant induction on the activity of the defence enzymes studied occurs in 

Si-treated plants at 15th, 30th and 60th day after inoculation (Figs. 7 and 8). However, these 

changes weren’t observed in Si-supplied plants before infection, suggesting that Si 

application promoted defence responses that only were activated by P. cinnamomi and  

C. parasitica infection, as verified by Farahani et al. (2012a) and Zhang et al. (2013) in 

apple and rice plants.  
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The Si nutrition stimulates the rapid activation of PAL and PPO activity after fungal 

infection. Increasing the activity of antioxidant enzymes may be an important factor in 

enhancing crop resistance to the oxidative stress induced by P. cinnamomi and  

C. parasitica infection. The results of this study resembled the findings reported by 

Farahani et al. (2012a) and Zhang et al. (2013), who reported that the Si fertilization 

induced the increment of PAL, POD and PPO levels and phenolic compounds in rice and 

apple plants. 

According to our data, there is a positive correlation between PAL activity and Si 

treatment (Fig. 6.10A, r2 = 0.9994 ) and also between PPO activity and the Si treatments 

(Fig. 10B, r2 = 0.9995) and between area inhibition and Si treatments (Fig. 6.10C,  

r2 = 0.9998) for the P. cinnamomi study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.10 – A. Correlation between PAL and Si treatments. B. Correlation between PPO and Si treatments. 

C. Correlation between the area inhibition and Si treatments in relation to the P. cinnamomi study. 
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According to our data, there is a positive correlation between PAL activity and Si 

treatment (Fig. 6.11A, r2 = 0.9990 ) and also between PPO activity and the Si treatments 

(Fig. 6.11B, r2 = 0.9994) and between area inhibition and Si treatments (Fig. 6.11C,  

r2 = 0.9997) for the C. parasitica study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11 – A. Correlation between PAL and Si treatments. B. Correlation between PPO and Si treatments. 

C. Correlation between the area inhibition and Si treatments in relation to the C. parasitica study. 

 

Castanea sativa Mill. is a chestnut species rich in phenolic bioactive compounds, 

specifically tannins (Zivkovi et al., 2009; Dinis et al., 2011; Chiarini et al., 2013). The 

HPLC analysis in chestnut leaves samples indicated the that Si application in chestnut 

plants leading to a significant increase on GA, GAD, CS, GC, CHA, VA and EA amounts 

than that of untreated plants (-Si) (Figure 6.9A). 

Ellagic acid identified in the current study is hydrolysable tannins (ellagitannins) 

which integrates plant polyphenolic antioxidants that are synthesized from gallic acid 

(Schulenburg et al. 2016). The EA content was significantly higher on Si-treated plants 
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than in untreated plants (Figure 6.9A), similar results were found by the study of Abe et 

al. (2010) in chestnut leaves and fruits. The CS is also ellagitannin with high antioxidant 

properties (Chiarini et al. 2013). These findings are in line to Dinis (2012) and  

Reinoso et al. (2012), who reported that EA and GA were main phenolic compounds in 

Castanea sativa Mill. Fruits and the presence of higher GA, GHA and EA amounts in 

chestnut leaves.  

Tannins and ellagitannins have previously been detected in chestnut fruits and 

leaves by Vasconcelos et al. (2010) and Dinis et al. (2011), who reported that GA and 

EA are generally the most predominant phenolic compounds in chestnut plants. The 

polyphenols, they act as scavengers of ROS, reducing the oxidative damage on lipid 

membranes. The phenolic compounds, SA and VA are hydroxybenzoic acids, CHA, an 

CA are hydro cinnamic acids, all these substances are classified as phenolic acids with 

fungitoxic functions (Rani and Jyothsna 2010).  

Phenolic compounds amount was induced on Si-treated plants however the higher 

induction was observed in 10 mM SiK® treatment than the control treatment  

(Figure 6.10). In contrast, on SA and Q3OR levels were not significantly different 

between Si-supplied plants and untreated plants (Figure 6.9A). Previous studies reported 

an increase on ellagitannins and flavonois amounts in perennial ryegrass a response to Si 

application (Rahman et al. 2015). Data presented an increase in phenolic acids and 

flavonoids amount in Si-fertilized plants demonstrated the importance of Si in the 

induction of plant defence mechanisms. According to Mendes et al. (2011), plant 

resistance occurs by rapid accumulation of phenolic compounds at the site of infection 

may act as inhibitory, repellent or suppressive substances for certain pathogens. Our 

results are reinforced by Bekker et al. (2007) and Shetty et al. (2011), who reported that 

Si induced an accumulation of phenolic acids and flavonoids considered fungitoxic 

phenolic compounds, that promoted a reduction on disease severity on avocado and 

miniature roses to P. cinnamomi and Podosphaera pannosa infection. 

The present work suggest that the efficiency of Si could be due to significantly 

accumulation of important phenolic compounds in chestnut plants, which may be 

responsible for antifungal effect on P. cinnamomi and C. parasitica in in vitro assays 

through different defence mechanisms, as binding their protein molecules, inhibition of 

fungal oxidative phosphorylation and acting as chelating agents, as suggested by  

Kumar et al. (2014). The higher resistance of Si-treated plants can be associated to the 
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phenolic compounds that can induce inhibition of extracellular fungal enzymes, altering 

structural component synthesis, weakening or destroying the permeability barrier of the 

cell membrane, nutrient deprivation and enzymatic activity in host plant tissues and 

changing the physiological status of the cells in pathogens (Rongai et al. 2015).  

According to our data, there is a correlation between GA and treatment  

(Fig. 6.12 A, r2 =0.9997), a correlation positive between total phenols and treatment  

(Fig. 6.12 B, r2 =0.9999). 

 

 

 

 

 

 

 

 

Fig. 6.12 – A. Correlation between gallic acid (GA) and Si treatments. B. Correlation between total phenols 

and Si treatments.  
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invading pathogens reducing sporulation, spore germination and hyphal growth of 

phytopathogens, besides their antifungal effectiveness depends on the rate of synthesis 

and their concentration in plant tissues (Mazid et al., 2011; Kulbat, 2016).  

The present research indicates a highest phenolic acids and flavonoids amount 

recorded in Si-fertilized suggesting that Si application can promote the production of 

these metabolites with toxic properties which can be useful in a plant under biotic stress 

(Figure 6.9B). Bekker et al. (2007) referred that phenols can be effective in isolation of 

the pathogen at the original site of entrance by faster inhibition of fungal enzymes 
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phenolic compounds, increasing their synthesis and mobility in apoplast due to passive 

transport in the transpiration flow. This capacity can be increased on plants fertilized with 

the higher concentrations of Si, as suggested by Mendes et al. (2011). It is believed that 

Si creates a physical barrier which can restrict fungal hyphae penetration, or it may induce 

accumulation of antifungal compounds such as flavonoid and diterpenoid phytoalexins 

which can degrade fungal and bacterial cell walls (Alvarez and Datnoff, 2001; Brescht et 

al., 2004). In plants, defence systems are important the ability of plants to recognize stress 

factors and induced an appropriate mechanisms defence response. Si after recognizes the 

pathogen attacks gives a signal to antioxidant defense system and consequently promotes 

the protection mechanisms on host: 1) improve the synthesis of antioxidant enzymes; 2) 

increase the synthesis of phenolic compounds, enhance the expression of defense genes, 

increase the synthesis antimicrobial compounds synthesis and PR’s proteins and 3) 

promote structural modifications in cells walls of vegetal tissues (Harizanova et al., 2014, 

Wang et al., 2017). Accumulation of phenolic compounds in the tissues can be modulated 

by the application of pathogens or elicitors (Chong et al., 2012). As referred before, Si is 

classified as a biological elicitor, that promoted systemic acquired resistance (SAR) in 

host plants. The role of Si in defence can be associated to the augmented on these defence 

enzymes involved in reducing/avoiding diseases development, accelerating the cellular 

death of cells around infection site, and /or by inducing a toxic environment inside the 

host tissues to will inhibition the phytopathogen growth (Ojha and Chatterjee, 2012). In 

contrast, Fauteaux et al. (2005) explained that the role of Si in the resistance of plants 

against disease is associated with this function as a messenger which induces the activity 

of enzymes related to pathogen processes. On the other side, Vivancos et al. (2015) 

referred that Si acts between the plasma membrane and apoplast system through 

deposition of phytoliths in tissues, interfering with the effectors, preventing this way that 

pathogen attack the host plant.   

These findings suggested that silicon- mediated tolerance and⁄or reduction of these 

pathogens development in chestnut plants providing an alternative disease management 

strategy against the pathogens studied. 
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6.5 Conclusions 

In conclusion, the present findings suggest the possibility of Si fertilization be 

successfully implemented to increase the resistance of plants against ink disease and 

chestnut blight being the Si an efficient, cost-effective and not harmful to the environment 

control method that can reduce the viability and proliferation of these pathogens. 

Our results indicate that the Si application to be effective in suppression of  

P. cinnamomi and C. parasitica development at the rate of 10 mM SiK®. 

Data also indicate silicon to have both a direct mechanism of action as well as an 

indirect effect by inducing plant resistance through augmenting the synthesis of  

important phenolic compounds and by the increase of specific enzymes activity that has 

antifungal properties, in the chestnut plants, indicating an induced resistance response. 

For these reasons is necessary the divulgation of the knowledge about Si to farmers 

for help to control chestnut diseases, increase the resistance of their plants and 

consequently improve the chestnut fruits production and quality. 
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Capítulo 7 

Keywords: Chestnut, foliar and soil Silicon application, chestnut´s physical characteristics, chemical 

composition and sensory profile. 

The increasing demand for healthy products rises the pressure 

on the chestnut production due to their nutritional qualities and 

beneficial health effects. Martaínha chestnut variety is most 

well-adapted with great economic importance due to its 

precocity and technological properties. The exogenous 

application of Silicon has an important role in agriculture 

because of improvement of plants nutrition. Nevertheless, the 

knowledge of impact of Silicon application in the production, 

sensory quality and chemical composition of chestnut fruits is 

limited. The application of Si in leaves (SL) and soil (SS) have 

important action on the prophylactic properties and the 

promotion of chestnuts health. Moreover, higher number of 

healthy fruits, caliber, fruits without rotten and tortrix infection 

and lower water loss in post-harvest chestnuts, in SL and SS 

samples, highlights the Si positive action. Additionally, this 

study emphasizes some positive effects of silicon on the 

chemical and sensory profile.  
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Productivity, chemical composition and sensory quality of 

"Martaínha" chestnut variety treated with Silicon 

Andreia Carneiro-Carvalho, Alice Vilela, Jorge Ferreira-Cardoso, Tiago Marques, Rosário Anjos, 

José Gomes-Laranjo and Teresa Pinto 

 

Abbreviations: AE –ashes; CF – crude fat; Corr-PCA – Principal Components Analysis based on a 

correlation matrix; CP – crude protein; DM – dry matter; FM – Fresh Mass; H2O2 – hydrogen peroxide;  

HCl – hydrochloric acid; NaOH – sodium hydroxide; PDO – Protected Designation of Origin;  

QDA – quantitative descriptive analysis; Si – silicon; SiK® - potassium silicate; SS – soluble sugars; ST –

starch. 

 

7.1 Introduction 

Chestnut (Castanea sativa Mill.) has followed the man since the Paleolithic age 

(Carvalho and Rodrigues, 2016) and is one of the oldest edible fruits in Portugal. One of 

the main production areas is located in Sernancelhe region (North-central of Portugal) 

with an important role in the economy and landscape patrimony, contributing to around 

1 000 tons of total chestnut Portuguese´s production (26 780 tons) (INE, 2016) In order 

to preserve the biological material and to improve its cultivation, the Protected 

Designation of Origin (PDO) ‘Castanha dos Soutos da Lapa’ was created in 1994. In this 

PDO environmental conditions, Martaínha chestnut variety is most well-adapted with 

great economic importance due to its precocity. 

The market has been showing an improved interest in this fruit due to their 

nutritional qualities and potential beneficial health effects. Indeed, chestnuts are rich in 

carbohydrates and are a good source of essential fatty acids and minerals (Borges et al., 

2008). Moreover, chestnut fruits present several vitamins, such as C, E, thiamine, 

riboflavin, niacin, pyridoxine and folate (De Vasconcelos et al., 2010) and are gluten free 

(Aguilar et al., 2016). 

Silicon (Si) plays an important role in plant-environment relationships, increasing 

the quality and quantity of crops production (Jayawardana et al., 2014). Numerous studies 

have confirmed that plants Si fertilization improves their resistance to diseases and pests 
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(Epstein 2009) to salt stress (Liank et al., 2006) and water stress (Sacala, 2009). Water 

stress is of extreme importance since chestnuts are a perishable fruit, which preserves 

commercial quality and turgidity for a post-harvest small time. The preservation of the 

water content inside chestnuts for a longer period prevents the fruits from drying out 

quickly and acquiring a darker color. So, avoid chestnuts water losses allows the 

preservation of their nutritional and sensory properties in terms of appearance and taste 

(Ertan et al., 2015). 

The current intensive use of soils and the systematic application of chemical 

fertilizers has led to the depletion of the amount of Si available in the soils, with the 

consequent loss of crops yield (Lavinsky, 2013) Si deficiency also reduces pollen fertility, 

which affects fruit yield and quality, compromising its commercial value (Jarosz, 2014). 

Chestnut, like as other cultures, exposed to several biotic and abiotic stresses, also 

presents limitations in the production and vigor of the trees (Zhang et al., 2013). 

Since information about the effect of Si application in the production, sensory 

characteristics, water loss and chemical composition of chestnut fruits is limited, the aim 

of this study is to evaluate the effect of Si-fertilization on Martaínha chestnut´s sensory 

properties, proximate composition, fruit production and general quality of chestnuts, by 

application of Si in soil and leaves. 

 

7.2 Material and Methods 

7.2.1 Study site and plant selection 

The experiment was carried out in a chestnut orchard (Martaínha variety), about 16 

years of age, located in Sernancelhe - Portugal (N 40⁰ 53' 55.81'', W 7⁰ 29' 38.58''), and 

was arranged in a completely random design with 12 chestnut trees, 4 per treatment, 

dispersed in the orchard in a good sanitary and nutritive status.  

 

7.2.2 Silicon Treatments 

Three treatments were carried out: C - trees didn’t receive any potassium silicate 

(SiK®); SS and SL - 15 L of SiK® at 10 mM SiK® concentration was respectively applied: 
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to the soil or foliar application directly to the leaves. The SiK® solution was prepared in 

the laboratory according to Carneiro-Carvalho et al. (2017) and after was adjusted the 

solution to pH 6.9 using 30 M hydrochloric acid (HCl). The SiK® concentration used was 

the one that presented the best results in previous studies (Carneiro-Carvalho et al., 2017). 

 

7.2.3 Samplings of leaves, fruits, outer skins and Si content essays 

From each treatment, 40 leaves completely expanded from the whole tree canopy 

were sampled and used to determine their Si content. Samples were placed into a brown 

paper bag, in an oven with forced air circulation at 70 ºC, and left to complete dehydration 

(until reached constant mass). For Si content in fruits was used 32 healthy chestnuts per 

treatment (8 chestnuts per tree). The fruits were hand peeled and freeze-dried in a Dura 

Dry μP from F.T.S. Systems (Stone Ridge, New York) for 48 h, and powdered using a 

model 843 food processor (Moulinex, Italy) (De Vasconcelos et al., 2007). For the Si 

content determination in both inner (episperm) and outer chestnut-skins (pericarp), were 

used 120 fruits peels per treatment (30 chestnuts peels per tree) that were randomly 

sampled. The determination of Si content in leaves, fruit and skins (inner and outer 

chestnut-skins) was performed by adding 0.1 g of dry samples to 2 mL of hydrogen 

peroxide (H2O2) and 3 mL of sodium hydroxide (NaOH) (Korndörfer et al., 2004). Their 

Si content were read at 410 nm and the values were expressed in mg Si.g-1 of dry mass. 

 

7.2.4 Chestnut’s fruits, silicon effects on: 

7.2.4.1 physical characteristics 

Concerning physical parameters determination of chestnuts, 120 burs were 

randomly collected directly from each treatment (30 per chestnut tree), on the third week 

of October, according to the tree phenological cycle. In the laboratory, for each tree from 

each treatment, the number of well formed, aborted, rotten and with tortrix infestation 

fruits was determined. To the caliber determination (fruits kg-1) only were considered the 

well-formed fruits which were randomly collected. In the total number of fruits was been 

included: aborted and well-formed chestnuts. Subsequently, the well-formed chestnuts 

were divided into rotten, with tortrix infestation and healthy fruits (Dinis et al., 2011). 
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7.2.4.2 pollination 

It was also intended to evaluate if Si-fertilization induced differences in the 

efficiency of free pollination. Thus, the efficiency of free pollination was determined 

according to López (2013) and by the equation (1):  

 

(1) 𝑬 =
100 𝐧

𝐍
 

 

Where, N represents the number of burs; n, the number of well-formed chestnuts; 

and E, the pollination efficiency. The results are related to 4 trees for each treatment. 

7.2.4.3 water loss 

For water loss evaluation the procedure of Nunes and Emond (2007) was adapted. 

Forty chestnuts fruits per treatment (10 per tree) were randomly collected and placed at 

room temperature (25 ºC). Afterward, the weight was evaluated in an analytic balance, 

until the chestnuts’ weight remained constant, every 24 hours in the first 3 days post-

harvest, and then, in the remaining days, every 48 hours. The percentage of water loss 

was obtained by calculating the variation of the weight over time. 

 

7.2.4.4 proximate composition 

The proximate composition of chestnuts fruits - DM (dry matter), CF (crude fat), 

CP (crude protein), SS (soluble sugars), ST (starch) and AE (ashes) - was done according 

to the methodologies described in Table 7.1. The analytical procedures were carried out 

with the same chestnut flour prepared for Si content determination. 
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Tab. 7.1 – Analytical determinations and methods used. 

 

Analytical 

Determination 

(g 100g-1 DM) 

Procedure References 

Dry matter (g 

100g-1 FM) and 

ashes  

By drying in an air-forced oven, at 65 ºC until 

constant weight. Dried samples were 

incinerated in a furnace for 3 h at 550 ºC. 

 

AOAC, 1990 

 

Crude protein  

 

Total nitrogen (N) was determined by micro-

Kjeldahl method with a selenium catalyst. The 

crude protein content was calculated by using 

5.3 as the conversion factor (CP=Total N x 

5.3). 

AOAC, 1990 

McCarthy and Meredith, 1988 

 

 Crude fat 

Extracted with petroleum ether for 6 h in a 

Soxhlet apparatus, followed by evaporation of 

the solvent in a rotary evaporator. 

AOAC, 1990 

 

Soluble sugars 

 

By Anthrone method using a UV-Vis 

spectrophotometer at a wavelength of 625 nm. 

Irigoyen et al. 1992 

 

 

 

 

 

 

Starch 

 

Using a thermo-stable -amylase to break 

starch into dextrins and oligosaccharides, and 

amyloglucosidase to ensure a more effective 

quantitative conversion to glucose, followed by 

colorimetric determination of glucose with a 

UV-Vis spectrophotometer at a wavelength of 

505 nm using the single-solution reagent 

method, which involves the coupled enzymatic 

glucose oxidase/peroxidase reaction in 

combination with the 4-amino antipyrine 

chromogen system.  

Salomonsson et al. 1984 

Rasmussen and Henry, 1990 
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7.2.4.5 sensory profile 

Twenty chestnuts, randomly collected from each treatment and stored in perforated 

plastic bags in the refrigerator, were used for sensory analysis. The tests ran in a room 

with controlled environment and material needed for each task, according to ISO 8589 

(ISO, 2007). The chestnuts, after being washed 3 times in tap water, were cut and boiled 

in water with 2 g of salt, for 30 min. After cooling to room temperature (18 ± 2 ºC), the 

chestnut samples in white Pyrex dishes appropriately coded were evaluated by a panel of 

12 tasters from ECVA/DeBA-UTAD, trained and experienced in sensory analysis. 

Mineral water and toasted breed were given between samples evaluations for cleansing 

the palate. 

A quantitative descriptive analysis (QDA) was carried out, using proof sheets with 

descriptors adapted from Warmund (2015). In Table 7.4 are present the sensory attributes 

(descriptors), its description, as well as the intensity scale that tasters used to quantify the 

sensory attributes a structured scale from 1 (less intense) to 5 (more intense) points, 

according to the reference ISO 4121 (ISO, 2003). 

In Table 7.2 are present the material used on the determinations of the different 

methods, the number of leaves, fruits, burs and the number of replications per each 

treatment, this table was performed to aid in the understanding of the material and 

methods.  

Tab. 7.2 - The type and number of replications was carried out to comment the results. 

 

* Three replications for each treatment 

* In the physical characters determination were used the 120 burs per treatment to obtain the chestnuts 

fruits which were counted and presented in the Table 3 the average values for each treatment.  

 



279 

 

7.2.5 Statistical analysis 

Data were submitted to the analysis of variance (ANOVA) and means were 

compared using Duncan’s multiple range test at 5% of significance level (P≤0.05). The 

analysis of the sensorial profile was done through the spider graphic in Excel. The results 

represented in the Tables and Figures are means ± SE of four replicates of each treatment. 

Also, a Principal Components Analysis based on a correlation matrix (Corr-PCA) was 

performed for all the parameters analyzed. For these adopted statistical analyses were 

used the Statview and Statistica 2010 software (Stasoft Inc., 2010). 

7.3 Results 

7.3.1 Si content in leaves, fruits and skins 

Si content in chestnut leaves, skins and fruits on C, SL and SS treatments is shown 

in Figure 7.1. It was in the leaves, for all treatments, that the highest Si content was 

recorded, as opposed to the smaller amount observed in the fruits. Both skins and fruits 

had the largest and significant amount of Si in SS, in opposition of the leaves where the 

highest concentration of Si was registered in SL, 1.86 mg Si.g-1, which is compatible with 

Si application. 

 

Fig. 7.1 – Means and respective standard errors of the Si content in leaves (mg Si.g-1), skins and fruits for 

each treatment- control (C) and Si application on soil (SS) and on leaves (SL). In each sample, 

bars/treatments have different letter, so are significantly different (P≤0.05), according to Duncan’s multiple 

range test.  
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Concerning to the increases of Si registered in all the structures where it was 

applied, compared to the content obtained in the C, the concentration of this mineral 

registered in both skins and fruits was significant. In fact, when compared to the untreated 

chestnuts, the increase of Si in the skins on SS and SL was 6.5- and 4.1-fold greater, 

respectively. The increase of Si on the fruits was smaller but still significant, i.e. 2- to 3-

fold greater in SL and SS, respectively. However, it was in the leaves that the increase of 

Si was greater, 5.8 (SL) and 4.3 (SS). 

7.3.2 Chestnut's physical characteristics and fruit setting 

Table 7.3 shows the average values of Si application effect in the productivity, in 

the physical or biometric characteristics of chestnut fruits, and fruit setting. Significant 

differences between all treatments for all parameters analyzed were observed. The SL 

showed the highest number of chestnuts fruits, the highest number of well-formed and 

healthy fruits. On the other hand, it was in SS that the lowest number of aborted and rotten 

fruits were recorded. The C had the worst results because presented the lower total 

number of fruits, the lower number of the well-formed fruits and healthy fruits, and the 

highest number of aborted, rotten and tortrix infected fruits. The best caliber was 

registered in the SS with 61 fruits kg-1. No significant differences were observed between 

the C and SL for this parameter. However, it was the C that showed the smallest chestnuts 

fruits. Significant differences were detected for aborted fruits comparing C with SS and 

SL, but not between SS and SL. The same result is for rotten fruits. The effect of the Si 

on the fruit setting was considerably smaller for SS than SL. Indeed, it was in the SL that 

the highest fruit setting was recorded, as opposed to the C with the lowest value. 
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Tab. 7.3 – Means and respective standard errors of the biometry and proximate composition of the chestnuts 

fruits from the control (C) and Si application on leaves (SL) and soil (SS). In the total number of fruits was 

been included: aborted and well-formed chestnuts. Subsequently, the well-formed chestnuts were divided 

into rotten, with tortrix infestation and healthy fruits. Values were means ± standard deviation (SD). Values 

within each column with different letters on each row are significantly different, according to the Duncan’s 

multiple range test (P<0.05). 

 

 

 

 Treatments ANOVA 

Parameters (fruits) 

number)  

C SL SS p-value 

Total  89.0 b ± 1.9  101.3 a ± 2.5  90.8 b ± 4.3  0.045 

Aborted  
54.5 a ± 3.9  43.3 b  ± 2.4  41.3 b ± 3.8  0.040 

Well-formed  34.5 c ± 3.1  58.0 a ± 4.1  49.5 b ± 1.5  0.000 

Rotten  
1.75 a ± 0.48 0.75b  ± 0.48  0.50 b ± 0.30  0.007 

Tortrix infestation  3.25 a ± 0.25  2.50 b ± 0.29 2.50 b ± 0.29  0.004 

Healthy  29.5 c ± 2.5  54.8 a ± 3.9  46.5 b ± 1.5  0.000 

Caliber (fruits kg-1) 69.5 a ± 2.9  67.0 a ± 3.2  61.0 b ± 4.0  0.005 

Fruit setting 115.0 c ± 5.6  193.3 a ± 6.1  158.3 b ± 3.6  0.000 

 

Parameters (g 100g-1 DM)    

 

 

 

 

 

Dry matter (DM) (g 100g-1 FM) 43.5 c  ± 0.41  49.6 a ± 0.29  48.5 b ± 0.35  0.000 

Crude fat (CF) 0.71 b ± 0.06  0.97 a ± 0.04  1.01 a ± 0.02  0.001 

Crude protein (CP) 5.40 b ± 0.31  6.34 a ± 0.06  6.21 a ± 0.04  0.000 

Soluble sugars (Sug. S) 11.5 a ± 0.71  12.5 a ± 0.90  11.0 a ± 0.83  0.436 

Starch (ST) 55.4 a ± 0.34  60.9 a ± 0.68  62.3 a ± 0.45  0.000 

Ashes (AE) 2.59 a ± 0.06  2.68 a ± 0.14  2.71 a ± 0.09  0.406 

 

7.3.3 Chestnut’s water loss  

In the Figure 7.2 can be observed the weight loss of the chestnut fruits occurred 

during storage in all treatments. At the end of the 16th day, significant differences between 

the C and both SL and SS treatments was observed. The C samples showed the greatest 

loss of water (62 %), while it was in the soil- and foliar- applied Si treatments where the 

chestnuts lost less water. No significant differences in water loss were observed among 

Total 

Well-formed 
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the chestnuts treated with Si. However, from the 8th day, it was observed a 5% decrease 

in water loss in SL when compared with SS.  

 

Fig. 7.2 – Percentage of water loss in chestnut fruits for each treatment: control (C) and Si application on 

soil (SS) and on leaves (SL). 

 

7.3.4 Chestnut’s proximate composition 

Table 7.3 shows the proximate composition of chestnuts fruits. As can be observed, 

the foliar and soil Si application influenced some parameters of the basic chemical 

composition. Indeed, there were significant differences amongst the control and soil- and 

foliar-applied Si treatments for the DM, CF, CP and ST contents.  

Concerning DM content, the highest values were found in SL and SS (49.6 and 48.5 

g 100g-1 FM, respectively), against 43.5 g 100g-1 FM for C. The same observations were 

made for the contents of CF, CP and ST, where the C had shown the smaller level in these 

constituents. The content of AE was tended to be lower in C, although there were no 

significant differences between the three treatments. 

When the DM content was compared with the caliber and loss of water, the results 

are in accordance, since the chestnuts of the treatment with the best caliber, SS, were also 

the ones that lost less water and had a high DM content. On the other hand, the C is that 

had the lower DM content, and presented worse caliber and the highest water loss.  
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7.3.5 Chestnut’s sensory profile  

The sensory profile of each chestnut sample is shown graphically in Figure 7.3. It 

is possible to verify that the different treatments (C, SL, and SS) are very similar. 

However, in what concerns the attributes "peelability" (easy of peeling the inner and outer 

skins), "characteristic odor", "initial firmness" and "dissolvability", there are slight 

differences between the samples, especially on "peelability" and "initial firmness" for the 

SL and the "characteristic odor" and "dissolvability" relatively to the SS. Still, the results 

of the ANOVA and the Duncan’s multiple range test, presented in Table 7.4, show that 

these differences are only significant for the peelability attribute, being the C chestnuts 

more difficult to peel. 

7.3.6 Corr-PCA of all the parameter analyzed 

Correlation among Si content in leaves, fruits and skins, chestnuts water loss, fruit 

setting, physical, chemical and sensory date was studied performing a Corr-PCA (Figure 

7.3), resulting in that the three treatments were disposed in different quadrants of the 

graphic. The PC1 explained 60.45% of the total variance, while the PC2 explained 

39.54%. Both PC1 and PC2 explained 99.99% of the total variance. 

The C samples are in the upper right quadrant of the PCA projection and they are 

characterized by the variables “aborted fruits”, “rotten fruits”, “tortrix infestation fruits”, 

“CF” and the sensory descriptors “hazelnut flavor” and “almond flavor”. 
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Fig. 7.3 - Graphical representation of the sensorial profile of chestnut samples (C - ∆-; SL -0-; SS -□-). (A) 

Each point represents the average values assigned by the panelists for each attribute. The sensory profile 

reveals itself when the dots are connected. (B) Principal Components Analysis based on correlation (Corr-

PCA) of Si content in leaves, fruits and skins, chestnuts water loss, fruit setting, biometric, chemical and 

sensory data. C - Control, SL - Si application on leaves, and SS - Si application on soil. The Figure was 

obtained in the STATISTICA 2010 software (Stasoft Inc., 2010). 
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The chestnuts from SL are in the upper left quadrant of the PCA and stands out for 

its higher content of some chemical/physiological parameters: "Si leaves”, “Well-formed 

fruits”, “Healthy fruits”, “Fruit setting”, and the sensory parameters "Peelability”, “Initial 

firmness” and "Fermented flavor”. The chestnuts from SS are in the lower left quadrant 

of the PCA, which is characterized by the variables: “Si skins“, “Si fruits”, “Water loss”, 

"AE", "DM", "CP", “ST”, and the sensory descriptors "Bitter taste" and “Sour taste”.  
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Tab.7.4 - Sensory attributes (descriptors) evaluated and their description. Mean and  SD of the sum of the values assigned by the tasters. For each attribute, samples with the 

same letter do not present significant differences (P0.05), according to Duncan's multiple range test. 

  Treatments 

Attributes Description C SL  SS 

Peelability Ease of peeling the episperm and perisperm  2.9 a ± 1.2  4.5 b ± 0.8  4.1 b ± 1.3  

Characteristic odor Characteristic odor of cooked chestnuts 3.2 a ± 1.4  3.0 a ± 1.5  3.6 a ± 1.5  

Initial firmness Necessary force to initially bite the chestnut using the incisors 2.6 a ± 1.1  3.1 a ± 1.0  2.8 a ± 1.3  

Dissolvability Degree to which the sample dissolves or remains semisolid when manipulated against 

the roof of the mouth with the tongue after seven chews 

3.3 a ± 1.3  3.0 a ± 0.9  3.5 a ± 1.1  

Sweet taste Basic taste associated with sucrose 3.5 a ± 0.9  3.4 a ± 0.9  3.3 a ± 1.1  

Sour taste Basic taste associated with citric acid 1.2 a ± 0.6  1.2 a ± 0.6  1.4 a ± 0.8  

Bitter taste Basic taste associated with caffeine 1.3 a ± 0.7  1.4 a ± 0.8  1.4 a ± 0.7  

Astringency Sensation of drying on the mouth surfaces 1.8 a ± 0.9  1.6 a ± 0.8  1.9 a ± 0.9  

Chestnut flavor Intensity of all chestnut characteristics including sweet, oily, slightly musty and/or 

buttery, earthy, woody, astringent and bitter flavors 

3.8 a ± 0.8  3.6 a ± 1.2  3.8 a ± 1.0  

Hazelnut flavor Sweet, oil somewhat woody aromatic associated with hazelnuts 1.3 a ± 0.5  1.2 a ± 0.4  1.2 a ± 0.4  

Almond flavor Sweet cherry pit-like nutty aromatic associated with almonds 1.4 a ± 0.7  1.4 a ± 0.7  1.3 a ± 0.7  

Butter flavor Aromatics commonly associated with natural, slightly salted butter 1.7 a ± 0.7  1.7 a ± 0.8  1.7 a ± 0.7  
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Caramel flavor Aromatics associated with caramel 1.6 a ± 0.8  1.5 a ± 0.5  1.6 a ± 0.8  

Yeast flavor Aromatics, sweets, fermented fruits, vegetables, grains or with yeasty notes 1.2 a ± 0.4  1.6 a ± 0.7  1.4 a ± 0.7  

Mustard flavor Sweet, woody sour, vinegar-like, somewhat pungent, slightly horseradish-like 

aromatics associated with prepared mustard 

1.0 a ± 0.0  1.0 a ± 0.0  1.0 a ± 0.0  

Floral/fruity flavor Aromatics associated with non-citrus fruits and flowers  1.4 a ± 0.7  1.7 a ± 1.0  1.3 a ± 0.7  

Musty/earthy flavor Aromatics of a damp basement or soil or decaying vegetation 1.2 a ± 0.4  1.6 a ± 0.8  1.2 a ± 0.4  

 

* The attribute is not perceived: 1; doubts in the perception of the attribute: 2; the attribute is perceived, but moderately: 3; the attribute is perceived: 4; the attribute is 

perceived and its intensity is maximal: 5. 
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7.4 Discussion 

The results of Si content in leaves, fruits and skins were in agreement with Haynes 

et al. (2017) findings since the highest concentration of Si in the fruits and skins was 

recorded in the SS treatment.  

The plants have the capacity to absorb and translocate Si from the roots to the shoots 

where it is deposited, mainly in the form of phytolith silica, in the leaf cells (McCarthy 

and Meredith, 1988).The phytoliths action in plants is diverse and multi-functional when 

the plants undergo biotic and abiotic stress (Epstein, 2009; Jarosz, 2013) and its action 

have been frequently demonstrated in diverse crops (Haynes, 2017; Marodin et al., 2014). 

In the present study, the caliber, the higher number of healthy fruits, without rotten and 

tortrix infection, in the SL and SS treatments, suggest the increase of plant resistance to 

abiotic and biotic stress, resulted from exogenous Si application. Indeed, the Si in fruit 

skins increases the fruit firmness and cuticle thickness by the deposition of Si phytoliths 

in the cell walls, acting as a mechanical barrier (Weerahewa and David, 2015) and 

improves the levels of phenol compounds, important in the defense against pests and 

diseases (Mditshwa et al., 2013; Torlon et al., 2016). 

On the other hand, previous studies have shown that the increase in the productivity 

by Si fertilization could be explained by a better flowering, a higher fertility of the pollen 

and consequently a better fruit set promote (Jarosz, 2014). 

In a chestnut orchard, one variety is well pollinated if the fruit setting value is 

between 165 and 225 (Breisch 1995) or higher than 150 (López, 2013). The present results 

highlight the effect of Si when applied to the soil (fruit setting = 193.3). The C and SL 

treatments revealed low fruit setting when compared to the Spanish varieties whose 

values varied between 192 and 244 (López, 2013). In addition, it was observed the 

importance of this mineral to meet the desired final product with direct repercussions on 

the conservation postharvest and their economic valuation. Loss of substantial amounts 

of water may result in worse quality and economic losses, and even when weight losses 

are subtle, the visual aspect, composition and eating quality of the product may be 

impaired (Nunes and Emond, 2007). Also chestnuts with calibers between 60 to 90 fruits 

kg-1 can be more expensive (Martins et al., 2011) about twenty cents per euro, than 

calibers above these values. 
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The values of DM, ST and CP content founded in this study are in accordance with 

the previously reported by several authors (Borges et al., 2008; De Vasconcelos et al., 

2010; Dinis et al., 2011; Pereira-Lorenzo et al., 2006). Indeed, De Vasconcelos et al. 

(2010) pointed to DM content of Martaínha between 40.3 and 60.1 g 100 g-1 FM, and 

more recently Silva et al. (2016) founded values of DM in this variety between 46 and 48 

g 100 g-1 FM. The C sample showed moisture content (Table 7.3) outside the limits 

announced by Silva et al. (2016) which may denounce the effect of the application of Si 

in this parameter. On the other hand, previous study showed that Martaínha presented 

3.89 g 100 g-1 DM of CP (De Vasconcelos et al., 2007) while the current analysis founded 

that all three treatments had higher contents (Table 7.3), being in agreement with the 

values (4.5 to 9.6 g 100 g-1 DM) (Pereira-Lorenzo et al., 2006). However, our results 

showed that the Si application in the leaves or in the soil does not interfere with the CP 

content in the chestnut kernels. The values for ST content previously reported for chestnut 

kernels were between 42.2 and 66.6 g 100 g-1 DM (De Vasconcelos et al., 2010; Dinis et 

al., 2011; Pereira-Lorenzo et al., 2006). Our results are within this range of values and 

close to the value for Martaínha variety (63 g 100 g-1 DM) (Silva et al., 2016). The 

present results revealed that all three treatments had low CF content (Table 7.3) even 

compared to those of De Vasconcelos et al. (2010) in the same variety (1.9 g 100 g-1 DM). 

Also, our results suggest that the Si application in the leaves or in the soil does not 

interfere with the Sug. S and AE contents, since no significant differences were found 

among treatments. Even so, the AE content is higher than that found by other authors 

(Borges et al., 2008; Pereira-Lorenzo et al., 2006) 1.87 and 2.3 g 100 g-1 DM, 

respectively. 

Sensorial analysis showed a significant effect of the Si application on “peelability”, 

“initial firmness”, “characteristic odor” and “dissolvability”. The multivariate analysis 

indicated that “peelability” on chestnuts from SL and SS was the sensory characteristic 

that is significantly different from C. Other interesting studies has been referred to the 

application of Si and the quality of fruits. For example, Si application in strawberry plants 

increase the sugar content and improve the palatability of this fruits, namely in terms of 

flavor and aroma, compared to fruits from Si-free plants (Silva et al., 2013). 

 The overall results of the Corr-PCA revealed closer proximity of the chestnuts 

from SL and SS mainly due to the “well-formed fruits number”, “healthy fruits number”, 

“peelability”, “water loss”, and “CP” and “ST” content. This is an outstanding result, 
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useful for nutritionists, consumers and growers because if on one hand, these fruits have 

better nutraceuticals characteristics (De Vasconcelos et al., 2010; Cruz et al., 2013) on 

the other hand, the productivity is higher, and thus greater economic yield for producers 

(Martins et al., 2011). In addition, the industry looks for kernels with no presence of 

cracks, good caliber, optimal storage capacity, and good sanitary aspect after storage 

(López et al., 2004) responding the SL and SS chestnuts to these requests.  

 Moreover, data from caliber, tortrix infestation, rotten and aborted fruits were 

better compared with the control, which once again highlights the positive action of Si on 

the characteristics of chestnut fruits. 

The fertilization treatments with silicon are advisable in presence of soils with 

reduced availability of this element that is normally present in the soils. 

 

7.5 Conclusion 

This study points out important results for the chestnut crop. The application of Si 

in both leaves and soil revealed to have an important action on the prophylactic properties 

and the promotion of chestnuts health. Overall results show the Si positive action in the 

higher number of healthy fruits, better caliber, fruits without rotten and tortrix infection 

and lower water loss in post-harvest chestnuts, in both SL and SS treated samples, by the 

deposition of Si phytoliths in the cell walls, acting as a mechanical barrier. In addition, 

the positive effect of Si on the fruit size was clear, and also the proximate analysis allows 

us to state that Si affects positively the chemical composition of the chestnut fruits. 

Regardless of the small significant differences between Si treatments, the overall 

results of fruits’ total number, healthy fruits, fruit setting, initial firmness, and peelability 

of the chestnuts obtained from the SL, suggest that this type of treatment suits perfectly 

to achieve high chestnut's yields and quality. 
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Capítulo 8 – Considerações finais 

A nutrição mineral com Si é uma ferramenta importante para a proteção do 

castanheiro e um maior sucesso na produção de castanha. 

Os objetivos do presente estudo foram alcançados ao longo do trabalho.  

Em primeiro lugar, verificou-se ao longo do estudo que a fertilização do 

castanheiro com silício promoveu uma maior resiliência aos stresses abióticos, 

nomeadamente à temperatura e à seca, através do incremento dos parâmetros 

fisiológicos, nomeadamente no melhoramento das trocas gasosas e da atividade dos 

cloroplastos e no aumento do conteúdo em água na planta. Nestes ensaios verificou-se, 

também, a importância dos fitólitos nos tecidos vegetais, bem como o tratamento com 

silício na promoção de uma resposta de defesa bioquímica eficiente e rápida, resultando 

no aumento da síntese de compostos fenólicos e enzimas antioxidantes que permitiram 

reduzir e controlar o dano oxidativo, promovendo uma maior defesa. 

Em segundo lugar, verificou-se que a aplicação de silício nas plantas, conferiu uma 

maior resistência do castanheiro às doenças (“doença da tinta” e cancro do castanheiro), 

através da deposição de silício na forma de fitólitos nos tecidos do parênquima cortical 

e dos vasos condutores das raízes e caules os quais demonstraram um papel importante 

na defesa mecânica dos castanheiros, reduzindo a capacidade da P. cinnamomi e da C. 

parasitica penetrar nos tecidos da planta hospedeira. Por outro lado, verificou-se que o 

silício atua como um sinalizador no sistema de defesa das plantas inoculadas, 

desencadeando uma resposta rápida e eficiente ao nível bioquímico, promovendo uma 

produção acentuada de compostos fenólicos e enzimas com papel antifúngico, auxiliando 

desta forma a planta hospedeira a atuar rapidamente impedindo a propagação destes 

agentes patogénicos no seu interior. É evidente que o silício apresenta um papel 

antifúngico essencial na defesa do castanheiro perante as doenças estudadas e que em 

conjunto com os compostos fenólicos, permite uma maior tolerância das plantas aos 

stresses bióticos, por limitação do desenvolvimento e crescimento de P. cinnamomi e de 

C. parasitica. 

Por último, verificou-se que o silício representa um benefício na produção da 

castanha Martainha, a sua aplicação quer no solo do souto, quer por via foliar permitiu 

uma redução da perda de água após a colheita, mantendo as propriedades nutritivas e 



 

297 

 

incrementando o número de castanhas sãs, permitindo desta forma aumentar o seu valor 

comercial. 

Em consequência das recentes alterações climáticas, os resultados sugerem que o 

silício possa vir a ter um papel cada vez mais importante nos planos de fertilização do 

castanheiro, e, provavelmente nas culturas agrícolas de uma forma geral, com o objetivo 

de lhes conceder uma melhor proteção contra os múltiplos stresses, podendo ser utilizado 

como uma estratégia de melhoramento com sucesso no futuro.  

Nessa medida, sugere-se ser importante a introdução mais generalizada, como 

fertilizante, do silicato de potássio em Portugal. 

 

 


